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"If you can force your heart and nerve and sinew 
To serve your turn long after they are gone,
And so hold on when there is nothing in you 
Except the will which says to them : 'Hold on!1.
If you can fill the unforgiving minute 
With sixty seconds' worth of distance run,
Yours is the Earth and everything that's in it,
n
• • •
Rudyard Kipling
ABSTRACT
The simplest source of focussed ultrasound used in medicine is the 
spherical cap transducer. It appeared that the theory of O'Neil, 
invariably used for predictions had not been previously tested 
comprehensively under narrowband low amplitude conditions. Extensive 
measurements on four weakly focussed transducers in water have shown 
that this theory is a poor predictor of the field actually radiated 
under these conditions. If the nominal geometrical parameters of a 
transducer are replaced in the theory by effective values derived from 
pressure amplitude extrema, a greatly improved fit between theory and 
experiment can be realised. A reliable protocol for the determination 
of effective parameters has been proposed. It has been shown that the 
effective parameters defined from measurements in water can be used 
with comparable success to predict the fields in castor oil.
A novel method, using a spherical cap transducer and a miniature 
hydrophone, has been developed for the measurement of ultrasonic 
attenuation in penetrable media. Use of the technique for measuring 
the frequency dependence of the coherent scattering component of the 
attenuation in a suspension of polystyrene beads in a castor oil 
matrix, presenting refractive index variations of 35%, gave results in 
good agreement with the theory of Waterman & Truell.
Amplitude measurements in the suspension have shown that the 
coherent part of the field is not defocussed. The defocussing observed 
in soft human tissue such as breast, by Poster & Hunt, appears to be 
largely due to the incoherent scattering contribution and its 
quantification is identified as the subject of future investigation.
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CHAPTER 1
INTRODUCTION
CHAPTER 1
INTRODUCTION
1.1 HISTORICAL PERSPECTIVE
The interest in the subject of sound which dates back through the 
ages, at least to Pythagoras (550 B.C.) and perhaps further, must have 
been born out of a curiosity concerning such natural phenomena as 
Aeolian tones. As the art of music developed, this was eventually 
accompanied by a desire not only to produce music but to understand it 
as well. It is not unreasonable to suppose that this desire was 
related to the beginnings of the study of sound in general.
It was not until the 17th Century A.D., about the time of Bach and 
Handel, that the modern scientific study of sound began in earnest. 
Among the pioneers were Galileo Galilei, Father Marin Mersenne, often 
referred to as the "father of acoustics" and Isaac Newton. The main 
principles of acoustics, however, were worked out in the 19th Century 
by such people as Laplace, Stokes, Lamb, Kundt and Rayleigh who 
published his extensive treatise "The Theory of Sound" in 1877.
Acoustics can be loosely divided into three parts: infrasonics,
sonics and ultrasonics. The boundaries between them are taken to be 
the lower and upper frequency limits to which the human ear can 
respond. The generally accepted transition between infrasonics and 
sonics is 16Hz whereas that between sonics and ultrasonics is 20kHz. 
It is the upper frequency range, namely ultrasonics, specifically in 
the range l-15MHz, which will be considered in this thesis.
The beginnings of modern ultrasonics can be traced back to 1847 
when J.P.Joule discovered the magnetostrictive effect and later to 1880 
when the brothers Pierre and Jacques Curie detected the piezoelectric 
effect. Ultrasonic transducers in general depend on either or both of 
these effects. The Curie's discovery, however, remained almost totally 
ignored until 1917 when Langevin had the idea of exciting a quartz 
crystal into rhythmic oscillation, at one of its natural frequencies, 
by setting it in resonance with a tuned circuit. He successfully used 
such a transducer, in a pulse-echo system, for detecting submarines 
during the First World War and which later formed the basis of sonar. 
In 1938 an Austrian neurologist K. Dussik became the first to try to 
use ultrasound for medical diagnostic purposes. He developed a 
technique which he called "hyperphonography" which was intended to 
image the brain and its ventricles by a transmission method. The 
technique was not very successful however, due to the high absorption 
of sound in the skull.
A notable advance occured after the Second World War when the 
adaptation of radar techniques yielded pulsed ultrasonic equipment 
operating in the multimegahertz range. Since that time, numerous 
techniques have been developed which permit the utilization of 
ultrasound up to 10 GHz, in applications such as the non-destructive 
testing of materials and medical diagnosis. In addition, considerable 
progress has been made in the application of high energy ultrasonics to 
industrial and medical processes. For a full historical account of 
these developments the reader is referred to articles by Kratochwil 
(1978) and especially Wells (1978). Cue final landmark worthy of 
mention is the discovery, by Jaffe et al in 1955 of the piezoelectric 
effect in lead zirconate titanate (PZT) which is perhaps the most 
widely used synthetic material in medical ultrasonic transducers.
1.2 APPLICATIONS OF ULTRASOUND
For our purposes it is convenient to divide applications of 
ultrasound into two parts, namely medical and industrial. Each of 
these categories can be further subdivided into two sections, one
dealing with low amplitude vibrations and the other with high energies.
For low amplitude applications, the waves are used to investigate the 
physical properties of the materials through which they pass and the
material does not suffer any permanent changes. With high intensity
ultrasound —  _ * it is
the resultant changes, which may be permanent, that are of interest.
1.2.1 INDUSTRIAL APPLICATIONS
Low amplitude applications of ultrasound in industry include 
measurement of flow, temperature, density, porosity, pressure,
viscosity and other transport properties, level, position, thickness, 
composition, anisotropy and texture, grain size, stress and strain, 
elastic -properties, bubble, particle and . leak detection, 
non-destructive testing, acoustic emission, imaging and holography. 
Most of these measurements in turn rely on the measurement of sound 
speed and attenuation. Commercial products which are based on low 
amplitude ultrasound include burglar alarms, delay lines and T.V. 
channel selectors. An excellent review of all these applications is 
given by Lynnworth (1975). The major applications of high power 
ultrasound are in cleaning, plastic and metal welding, fluxless 
soldering and machining. These and other uses are reviewed by Shoh 
(1975).
1.2.2 MEDICAL APPLICATIONS
Ultrasound is used in a variety of ways in a medical environment. 
Low amplitude techniques are used exclusively for diagnosis. 
Diagnostic techniques include the imaging of internal organs and 
tissues. The most widespread use is in obstetrics where B-scan imaging 
is used to detect pregnancy, to detect multiple foetuses, to determine 
the age of the foetus and the position of the placenta. Cne of the 
most important uses in organ and tissue pathology is the 
differentiation of fluid filled cysts from fibrous growths. In the 
Doppler format, low amplitude ultrasound is used in the study of foetal 
heart rate and respiration, in cardiology and in the study of occlusive 
arterial disease.
High power ultrasound is used for therapy to accelerate tissue 
repair, relieve pain and in hyperthermia. As a surgical tool, high 
power ultrasound is used in treatment of neurological disorders. In 
addition, it is now being used as a kidney or gall stone disrupter. 
There are numerous text books dealing with the physics and techniques 
applied to the use of ultrasound in medicine and the reader is referred 
in particular to the books by Wells (1977) and Fry (1978).
Medical ultrasonic applications can be further subdivided into 
those which employ focussing and those which use unfocussed ultrasound. 
It is the former that are of interest here and so it is appropriate to 
discuss them in more detail.
1.3 FOCUSSED ULTRASOUND IN MEDICINE
1.3.1 SURGERY AND HYPERTHERMIA
Historically, the focussing of ultrasound was attempted in the 
context of producing a very high intensity beam for industrial 
applications such as materials testing and for the production of 
lesions in biological tissue. Focussed ultrasound at a single site in 
brain tissue has been shown to produce a lesion which is in the shape 
of an ellipsoid (see eg Lee et al, 1979). Lesions of this type have 
been produced at frequencies between 500kHz and 9MHz but lesions of any 
size or shape can be produced by multiple placement of the focussed 
ultrasound beam. Animal lesion work has usually involved irradiation 
of the brain to help delineate neural pathways and connections. Other 
work on animals has involved producing lesions in the spinal chord, 
liver, kidney and the eye. A review of these techniques has been 
published by Fry (1978). Lesions similar to those produced in the 
experimental animal have been demonstrated for human neurosurgery 
involving treatment for hyperkinetic (Fry, 1978) and other disorders 
(Lele, 1967) such as post-traumatic epilepsy and multiple sclerosis. 
Perhaps the most well known application of ultrasonic surgery is the 
treatment of Menieres disease in which a focussed transducer is used to 
destroy the vestibular function while maintaining the hearing mechanism
f
intact. Needless to say that for such applications, the accurate 
localization of the focal point is necessary. Focussed systems for the 
treatment of Menieres disease have been described by Bullen et al 
(1963), Kossoff (1964a) and Johnson (1967).
In recent years hyperthermia, i.e. the use of heat in cancer 
therapy has received increasing attention as it has been shown that the 
use of heat alone or in combination with radiation or chemotherapy may 
give some therapeutic gain (Hyn^nen et al, 1981). If the tumour is 
deeper than 5cm inside the body, focussing transducers are used to 
increase the temperature in the tumour selectively without the unwanted 
heating of fat (Lele, 1979). An historical review of cancer therapy 
using ultrasound is given by Kremkau (1979)
1.3.2 IMAGING
The main current interest in focussed ultrasound has been in the 
diagnostic field for imaging purposes . As for any imaging system, one 
of the most important characteristics of an ultrasonic diagnostic 
system is its resolution. Resolution can be defined in several ways 
(Wells, 1969) for example, as the reciprocal of the minimum distance 
between two point targets which can just be distinguished on the 
display. ' The lateral resolution obtainable from a plane disk 
transducer is at least an order of magnitude worse than the axial 
resolution (Wells, 1977). To overcome this, various focussing systems 
have been developed to constrict the ultrasonic beam.
1.4 FOCUSSING SYSTEMS FOR MEDICAL APPLICATIONS
There are many ways of focussing ultrasound. The simplest way is 
to use a transducer in the form of a spherical cap. Other more 
sophisticated methods include plane disk-lens combinations, reflector 
systems, zone plates and various types of arrays made of plane or 
curved disks.
Acoustic lenses are generally made of solids and liquids. If the 
propagating medium for ultrasound is a liquid and the lens is made of a 
solid then the converging lens is geometrically concave (since the 
acoustic velocity in solids is higher than in liquids). An advantage 
of this type of converging lens from the imaging point of view, is that 
its greater thickness towards the edge tends, as a result of 
absorption, to reduce the side lobe structure of the resultant field. 
The transmission through a lens, the characteristic acoustic impedance 
of which differs from that of the loading medium, is controlled by 
interference (Wells, 1969). Maximum transmission occurs when the 
thickness is an odd number of wavelengths. Tarnoczy (1965) proposed 
that efficient lenses could be produced by omitting those rings where 
interference reduces transmission. This is the principle behind zone 
plates. Golis (1968) designed a lens made of annular zones spaced in 
thickness by half a wavelength.
Liquid lenses suffer from the disadvantage that they require a 
shell or'membrane to contain the liquid. In the case of a membrane the 
degree of curvature of the lens is determined by the elastic properties 
of the membrane material and the pressure difference across it 
(Boyles, 1965).
Solid lenses have the advantage that they are not as temperature 
dependent as liquid lenses. However, if sound waves pass from a liquid 
to a solid obliquely, shear waves may be generated by mode conversion 
in the solid. Since longitudinal and shear velocities differ, lenses 
may have a double focus. Solid lenses have been designed as singlets 
(Kossoff, 1964b) and multi-element systems (Szilard, 1976, Folds, 
1971). In general, a good lens would be expected to have a large 
aperture which means a thicker lens and thus greater absorption of 
sound, so compromises have to be made.
There have been several systems with one or more reflectors. A 
good selection of the designs has been reviewed by Wells (1969). A 
double reflector has been designed by Thurstone and McKinney (1966) and 
this has been modified by the addition of a lens to form an 'axicon' by 
Burckhardt (1973). Other focussing systems include plane or curved 
annular arrays (Arditi, 1981, 1982) and linear arrays (Somer, 1968) 
which require accurate switching and timing circuits to achieve 
focussing and beam steering. An interesting idea is a hybrid 
arrangement of a large aperture conical transducer combined with a 
smaller spherically focussed transducer (Foster et al, 1981).
1.5 OUTLINE OF THESIS
The weakly focussed spherical cap transducer has been chosen as the 
subject of study in this thesis for several reasons. As already 
mentioned, it is the simplest focussing system as there is only one 
component, the only limitation on the focussing action, in a 
homogeneous medium, being its geometry. It is commonly employed in 
medical diagnostic equipment. The choice of a weakly focussed 
transducer for an imaging system is made where an improvement in 
lateral resolution is required over a large range compared to that from 
a plane transducer. Medium focussed transducers improve lateral 
resolution still further but this is only over a limited region and at 
the expense of decreased resolution elsewhere. The spherical cap has 
certain advantages over systems which incorporate lenses. In addition 
to the disadvantages of lens systems mentioned in the previous section, 
which apply to low amplitude imaging work, the spherical cap is more 
versatile, in that the focal point can be closer to the crystal face, 
for the same focal length. This is particularly important in high 
intensity applications .
Since the general wave equation is non-linear (see eg Beyer ,1974), 
the degree of non-linear wave distortion, as a result of propagation in 
a medium, will depend on the amplitude of the wave. At low amplitudes 
the wave equation can be linearized and the solutions provide a good 
approximation to the wave characteristics. Although there is no 
clear-cut boundary between the 'linear1 and 'non-linear' regimes, it is 
generally assumed that medical transducers used in diagnosis generate 
low or 'infinitesimal' amplitude radiation whereas transducers used in 
lesioning applications generate high or 'finite' amplitude waves. The 
usual criterion employed to separate the two regimes is the presence or 
absence of any detectable harmonic distortion in the propagating wave.
The ability to predict the field patterns generated by focussed 
transducers whether under infinitesimal or finite amplitude conditions, 
is important for several reasons. Firstly, rapid prediction of field 
characteristics would facilitate optimization of transducer design for 
imaging specific areas or for any other purposes where the beam shape 
is important. Secondly, knowledge of field characteristics could be 
useful for the development of new techniques for image improvement or 
tissue characterization. Thirdly, the ability to predict field 
patterns for different transducer excitations would be necessary in the 
simulation of B-scan images which could provide a more complete 
understanding of the system imaging characteristics and display 
interpretation.
The calculation of pressure fields in homogeneous media is 
relatively straightforward as the only effect on the propagation of 
ultrasonic waves is their progressive attenuation with distance. A 
'real' propagation medium such as human tissue contains inhomogeneities 
which scatter the waves, to a degree depending on their acoustic 
properties, spatial distribution, geometrical orientation and physical
dimensions compared with the wavelength. Whereas there have been 
numerous theoretical analyses developed (e.g. Faran, 1951; Lin et al, 
1983) for the scattering of ideal plane or spherical waves, by 
different geometries, in different statistical configurations, there is 
no general solution for the field of a finite source in an arbitrary, 
or even in a specific, scattering medium.
The effect of an inhomogeneous medium on the field of a focussed 
transducer can be studied systematically. In the first instance, the 
field characteristics of the transducer have to be measured in an ideal 
lossless medium. Although no such material exists in practice, 
distilled water is generally used, for this purpose* due to its very 
low attenuation at frequencies employed in most medical applications. 
The next stage is to relate the experimental data to an appropriate 
theoretical model. The effect of pure absorption on the field pattern 
can then be determined experimentally and the required modification to 
the model applied. Having formulated and validated such a model, 
realistic waveforms could be generated and used in theoretical 
propagation studies in inhomogeneous media, containing scatterers in an 
absorbing matrix.
The theoretical analysis of the field of a focussed transducer in a 
homogeneous medium can be made in several ways. The first is to assume 
that the source produces ideal spherical converging waves. Such an 
analysis was made by Naugolnykh et al (1963) who considered the 
propagation under finite amplitude conditions. This type of model 
affords a very crude method for predicting the field of a focussed 
transducer as any real source of limited extent is subject to the 
effects of diffraction. The next approximation is that of a piston 
source of finite size vibrating under small signal conditions and the 
extension of this model to the finite amplitude regime. The small
signal case has received not inconsiderable theoretical attention 
whereas it appears to be very difficult to take into account 
simultaneously the effects of diffraction and non-linear distortion. 
It is only recently that a theoretical analysis of this latter problem 
has been performed (Lucas and Muir, 1983).
The small signal piston model has been used by several workers to 
derive expressions for the acoustic pressure, intensity and particle 
velocity valid in different regions of the field. The differences 
among the various analyses have been in the manipulation of the 
coordinate geometry which have allowed different mathematical 
techniques to be used to solve the problem. It is not surprising that 
the results obtained were essentially identical. A review of these 
theoretical studies will be presented in Chapter 2. It will become 
apparent that despite the extensive theoretical basis there has been a 
surprising lack of literature describing experimental work on the 
fields of focussed transducers. It is even more surprising to find 
that although the small-signal piston model had not been 
comprehensively tested experimentally, several workers published 
detailed calculations for the optimization of focussed transducers 
based on this model. Of the little experimental work which has been 
published, only a handful of these accounts has included a valid 
comparison with theory. It has not been uncommon to compare the field 
pattern of transducer under broadband pulsed-excitation with the theory 
valid for c.w. conditions. A compilation of the significant 
experimental measurements made in homogeneous and inhomogeneous media 
will also be presented in Chapter 2.
It was this lack of available literature that provoked the present 
author to embark upon a study of the fields from a spherically focussed 
transducer as part of an MSc project (Adach, 1981). "Measurements were 
made on a weakly focussed transducer in water and it was discovered 
that there was poor agreement between the experimentally obtained and 
the theoretically predicted axial pressure amplitude distributions. It 
is well known that an effective radius based on the postion of the last 
axial minimum or maximum in the field of a plane-disk transducer can be 
used in the theory to provide a better prediction of field 
characteristics than is possible with the nominal geometrical 
dimension. It was suggested that this idea could be extended to the 
case of a spherically curved transducer but that in this case two 
effective parameters would be required. Indeed two techniques for this 
purpose were proposed providing first and second approximations. A 
description of the experimental work, the determination of effective 
parameters and comparison between theory and experi ment will be 
summarized in Chapter 3 as it provided the starting point for the work 
in this thesis.
As already mentioned, the MSc work centred around a single 
transducer and so it was felt necessary to see whether the results 
obtained and the analysis employed, could be extended to other such 
transducers. The results of such a study are described in Chapter 4 
and compared with those in Chapter 3. Of the two methods proposed in 
Chapter 3 for the determination of effective parameters, one was 
adopted for the subsequent work due to its greater reliability.
The reason for concentrating attention on axial distributions alone 
thus far was that, although the general solution for the complex 
pressure in the field of a focussed transducer requires the evaluation 
of a double integral, there was a relatively simple closed form
solution for the distribution on-axis. The next logical step was to 
see if the degree of fit obtained between theory and experiment on axis 
was consistent off-axis. A computer program was written to calculate 
the complex pressure at an arbitrary point in the field, by numerical 
integration, as seen by a point receiver and by a miniature hydrophone. 
The mathematical model for the source-receiver system is described in 
Chapter 5. Particular attention is given to the effect of a finite 
receiver on pressure distributions both on and off-axis, as a function 
of frequency. Finally a comparison between some experimentally 
determined off-axis distributions and theory is given.
The experimental apparatus used for the measurements described in 
Chapters 4 and 5 included a test-tank with a gantry, driven by two 
perpendicular stepping motors, which carried a hydrophone. This 
allowed mapping of the transducer field along the axis and in one plane 
perpendicular to the axis. The absence of any control mechanism for 
the movement in the third dimension resulted in some uncertainties in 
the alignment of the geometrical measurement axes of the hydrophone 
with respect to the acoustical axis of the transducer. To overcome 
this problem, a new tank with three orthogonal stepping motors and 
improved translational tolerances was adopted. A detailed reappraisal 
of the transducer used up to this point was undertaken. In the course 
of this work, a number of problems arose with hydrophones so that 
interpretation of some of the results was difficult. In spite of this, 
some results were obtained of both pressure amplitude and phase 
distributions which compared well with the theory based on effective 
parameters. The phase measurements are believed to be among the first 
to be made in this frequency range. This work is described in 
Chapter 6.
The computer program described in Chapter 5 proved to be very 
inefficient as it involved a numerical double integration. Indeed it 
was not possible to generate theoretical distributions above a certain 
frequency. About this time, a paper was discovered by Madsen et al 
(1981) which outlined an analysis whereby the double integral was 
collapsed into a single integral and a closed-form term. A new program 
was written, based on this analysis, and is described at the beginning 
of Chapter 7.
Equipped with an efficient computer program, a good experimental 
system and a basis of experience, a new set of experiments was 
undertaken on three new transducers. ' The initial experiments were 
performed in water at several frequencies and the results compared with 
theoretical distributions based on effective parameters. This work 
will be described in Chapter 7.
The next step was to introduce absorption into the medium. Castor 
oil was chosen because its velocity was similar to that of water and 
its absorption coefficient was comparable to that in human tissue. 
Field measurements were obtained as before and it was found that the 
effective parameters determined in water could be used with equal 
success for castor oil. In the course of this work described in 
Chapter 8, a novel method for the measurement of the attenuation 
coefficient, based on the axial pressure distribution of a focussed 
transducer was developed.
In the final phase of the work described in Chapter 9, scatterers 
in the form of polystyrene beads, were introduced into the castor oil 
to form a suspension. Several problems were encountered in taking 
measurements, in this medium, as a result of the tendency of the beads 
to settle and due to the size of the beads compared to the size of the 
receiver. These difficulties were overcome by the development of an
original measurement technique which involved taking measurements in a 
stirred suspension and subsequently correcting the results to the case 
of the stationary medium. The variation of the attenuation coefficient 
as a function of frequency was measured at two concentrations using the 
technique developed in Chapter 8. In addition, it was found that the 
coherent scattering coefficient in the suspension could be determined 
and this was substantiated by comparison and agreement with the 
theoretical predictions from the literature. Finally, measurements of 
lateral amplitude distributions were made and compared with the 
corresponding results in pure castor oil in order to determine whether 
there were any significant defocussing effects due to the introduction 
of the beads. Unfortunately time did not permit the full extension of 
these interesting results to human tissue although suggestions for the 
way in which this might be approached are to be found in Chapter 10.
The scientific starting point for the project is a review of the 
appropriate literature which will be found in the next chapter.
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CHAPTER 2
A  REVIEW OF THEORETICAL AND EXPERIMENTAL WORK ON SPHERICALLY FOCUSSED
TRANSDUCERS AT LOW AMPLITUDES
2.1 INTRODUCTION
In 1935 J Greutzmacher proposed a novel ultrasonic transducer in 
the shape of a spherical shell, which, by its own focussing action 
would produce an intensity at its focus which would be much greater 
than at its surface. There was some considerable interest in this type 
of transducer after the war and several accounts of investigations on 
quartz radiators were published notably by Labaw (1945), Williams 
(1946) and Willard (1949). Although the levels of insonification 
reported were clearly in the non-linear regime, which will not be 
considered in this thesis, their observations will be included to 
illustrate the general confusion, around at that time, about the 
properties of these transducers. Williams attempted to provide an 
approximate closed form solution for the field of a spherical cap 
transducer which was attractive for its simplicity but was only valid 
over a limited range. It was not until 1949 that O fNeil published a 
rigorous theoretical analysis, for this source geometry, which has 
since represented a standard of comparison for other workers and which 
formed the main theoretical basis for this thesis.
Rather than provoke further experimental work on the subject, 
O'Neil's theory seemed to have stifled it as there was, to the present 
author's knowledge, no significant contribution in this area until 1969 
when Smith reported some limited measurements. Even this formed a 
minor part of his work as the major part was concerned with non-linear 
propagation. Several authors, especially Kossoff (1963, 1972, 1979),
used O'Neil's theory as a basis for the design of focussed transducers. 
It appears that the theory was firmly accepted without first having 
been rigorously tested. Several observations on pulsed propagation 
were compared with O'Neil's theory but these did not really serve to 
verify the validity of the theory. There was a greater interest in the 
theoretical side and several authors came up with alternative 
derivations for the field of a spherical cap transducer which were more 
efficient from the computational point of view.
Recently there has been a renewed interest in the subject. In 
1981, a comparison between measured pressure amplitude distributions 
and O'Neil's theory was reported by the present author (Adach, 1981). 
The most comprehensive work on the subject to date was by the group at 
the Univeristy of Wisconsin (Madsen et al 1981, Goodsitt et al 1982). 
The work included a novel theoretical approach to the calculation of 
c.w. and transient fields, experimental verification of amplitude and 
phase distributions in water, and experimental verification of the 
transient response in both attenuating and non-attenuating media. Some 
of the findings independently confirmed results which will be presented 
in this thesis, and which were obtained concurrently.
There has been no work published, to date, concerning the effects 
of human tissue on the field of the spherical cap transducer. Foster 
and Hunt provided such a study on the field from a plane disk-acoustic 
lens combination with particular emphasis on beam spreading or 
'oefocussing'. This work provoked some of the work in this thesis and 
so will be given special consideration.
2.2 MISCELLANEOUS OBSERVATIONS AND THEORETICAL TREATMENT OF THE FIELD 
FROM CURVED QUARTZ RADIATORS
One of the first published works on focussed ultrasonic transducers 
was by Labaw (1945). He identified two problems as being of particular 
interest concerning the "supersonic" beam generated by a piezoelectric 
crystal or mosaic of such crystals, namely: " (i) the production of a
large supersonic intensity at small distances from the generator to be 
utilized in studying the thermal, chemical and biological effects it 
produces and (ii) the maintainment of as nearly constant measurable 
intensity over large distances along the direction of propagation of 
the beam travelling in a free field". Greutzmacher (1935) had already 
used a spherically curved source of large curvature as a solution to 
the first problem and Labaw thought a solution to the second problem 
was to use a slightly curved generator. He examined the "supersonic" 
beam radiated from a one centimetre radius X-cut quartz disk as a 
function of the spherical curvature of the crystal at a frequency of 
1.11MHz. He used five transducers which were one inch square X-cut 
quartz crystals on which copper electrodes were plated. The ground 
potential electrode covered the whole surface of the crystal while the 
high potential electrode was circular having a radius of curvature of 
one centimetre.
The field was mapped by a Rochelle Salt crystal microphone 6mm in 
diameter and the "supersonic" beam was noted to have "approximate 
circular symmetry". The radii of curvature of the transducers were 4, 
7, 8, 25mm and the fifth transducer was a plane disk used for 
comparison with the other four. The experimental results showed that 
it was possible to obtain up to three times greater pressure amplitude 
close to the curved crystal than was possible with the flat crystal 
having the same area and using the same input power. He found that the 
maximum amplitude obtainable on axis moved in towards the generator 
with increased curvature. He surmised that quartz plates of small 
curvature did not produce a marked focussing action but gave a larger 
output than a plane disk transducer both close to the radiator as well 
as at large distances away. He did not think that this effect was due 
to a confinement of the output energy within a smaller solid angle but 
due to a greater mechanical sensitivity of the cut crystals. Whereas a 
different transducer sensitivity cannot be ruled out, it will be seen, 
in section 2.3, that Willard's results can be readily predicted from 
the theoretical expression for the field of a focussed transducer.
2.2.1 WILLIAMS' THEORY
In 1946, Williams described an approximate method for the 
calculation of the theoretical supersonic field from a concave piston 
which he used to compare with the data of Labaw. His equations were 
given for a certain range of frequencies, piston sizes and distances 
from the source from which the excess acoustic pressure could be
evaluated along the beam axis and for a narrow region around it. He
expressed the velocity potential in the form of a power series from 
which he calculated the acoustic pressure at a point in the field. In
the final expansions he presented, several constraints were placed on
their validity. The wavelength of the radiation used had to be a small 
fraction of the piston diameter, while both the radius of curvature and 
the minimum distance from the source had to exceed two or more
diameters. The convergence of the series solution was found to be slow 
for small wavelengths and for points near the source, unless the region 
considered was very close to the axis.
Williams deduced that the region of maximum root mean square
pressure on the axis was not necessarily close to the centre of
curvature of the piston face. In addition, he concluded that " any
observation of maximum intensity concentration near the centre of 
curvature is a result of low frequency or of a fortuitous combination 
of dimensions and wavelength". He found that, in the context of his 
calculations, unless the source was very sharply curved, approaching a 
hemisphere, the assumption of vibrations normal to the piston face or 
parallel to the axis of symmetry did not lead to markedly different 
results. The theoretical results also showed that the use of a concave 
piston source could increase the axial intensity several fold, relative 
to the plane piston case, but only near the source. In contrast, there 
could be a marked relative decrease at greater distances. Both effects 
were seen to be more prominent with sharply curved sources. Williams 
added that " in the absence of other factors" a slightly curved source 
(radius of curvature ~ 25 x transducer radius) would afford little
advantage over a plane disk even at small distances.
Williams also attempted to include the effect of a finite receiver 
on the measured pressure. He integrated the root mean square pressure, 
in the form of a series, over a circular surface assumed to be 
uniformly sensitive over its entire area. He then proceeded to compare 
his theoretical results with the experimental data of Labaw. He found 
that for the root mean square pressure distribution on-axis, agreement
was good after correction for the finite size of the receiver. The 
improvement in the fit between experiment and theory, in the region 
close to the transducer, after the microphone correction provided 
evidence that some sort of correction was indeed necessary. The fact 
that the correction did not provide a perfect fit was interpreted as an 
inadequacy in the receiver model, attributed to the ommission of any 
allowance for phase differences of the signal over the microphone face. 
Williams' theory also allowed him to predict the field off-axis and for 
the range investigated numerically he found evidence of side-lobes 
which were absent in Labaw's data. This absence was not surprising as 
Labaw's receiver was several times larger than the amplitude 
fluctuations.
Labaw's results for the plane disk case were compared with the 
theory by setting the radius of curvature to infinity when coupled with 
the microphone correction good agreement was obtained. Williams then 
argued that if this agreement was valid then all the curved crystals 
"excelled" the plane one by 80%, in the rms pressure, at medium and 
large distances, while accepting that his microphone correction, 
although insufficient, was at least a step in the right direction, 
Williams inferred that these increased values of pressure were present 
at all values of z.
He attributed the increase in radiation to the greater vibration 
amplitude of a curved crystal for the same applied voltage compared to 
a plane disk as suggested by Labaw. He added that it was also possible 
that Labaw's plane disk could have been faulty and so produced 
unusually weak radiation. He concluded that regardless of which 
explanation was correct, it seemed "quite definite" that the use of a 
fairly sharply curved crystal allowed the concentration of considerably 
more acoustic energy than was possible from a plane disk of the same
diameter operating at the same frequency. Based on the evidence 
presented, these conclusions were very tenuous in accordance with the 
manner in which the theory was fitted to the experimental data.
2.2.2 WILLARD'S OBSERVATIONS
Hie next major contribution was by Willard (1949) who used a 
Schlieren system to visualize the acoustic field of an X-cut quartz 
focussing radiator. The transducer described had a geometrical radius 
of curvature of 63.5mm, a circular baffle diameter of 38.1mm and a 
nominal fundamental resonance at 5MHz. The full concave surface was 
metallized and used as the "earth" electrode. The convex surface was 
uncoated, the outside electrode being provided by lightly springing a 
shaped aluminum block. In this way, the electrode was restricted to a 
rectangular area of 28.6 x 5.5mm. The transducer could be rotated 
about the strip contact, which was always normal to the axis of the 
optical system, so that different planes could be studied 
independently. This particular technique was chosen in preference to 
looking at the overall operation of the radiator with a full circular 
electrode because of " the complications of analysing a circular beam". 
Clearly for this reason, the interpretation of his results and the 
comparison with those of the others is difficult.
Willard found that the acoustic focus was coincident with the 
geometrical centre of curvature, " within the accuracy of measurement",
o
in contradiction to both Labaw and Williams, m  a plane inclined 22 to 
the axis perpendicular to the transducer face, which provided the "most 
uniform surface radiation". He compared the " strong core and weaker 
side-lobe" diffraction pattern in the focal plane to the cross-section 
of the focal pattern of an astronomical telescope. He found that the 
sharpness of focus was "thrice as sharp" at 15MHz than at 5MHz
corresponding to increasing sharpness with decreasing wavelength in the 
optical case. Comparing the two first-order minima with a theoretical 
calculation, from optical formulas for the diffraction of converging 
spherical waves passing through an aperture, these were found to have a 
greater spacing than expected. The discrepancy was explained away by 
the non-uniformity of radiation from the source as seen on the 
Schlieren photographs. The degree of non-uniformity was shown to vary 
considerably from plane to plane of the transducer.
Three hypotheses were put forward for this non-uniformity namely 
the non-uniformity of the piezoelectric constant and resonance 
frequency over the area of the radiator and, to a lesser extent, the 
existence of coupled modes of vibration. The first two phenomena arise 
from the fact that only a small element at the centre of a focussing 
X-cut radiator is truly X-cut. Off-centre areas, however, being of 
increasingly different orientation as they recede from the centre have 
increasingly different elastic and piezoelectric constants from those 
at the centre. Since the frequency constant varies over the surface of 
the radiator, which is of constant thickness, the resonant frequencies 
of different regions would be different. Operating the radiator at the 
resonant frequency of the centre would then cause outer regions with 
lower or higher resonant frequencies to vibrate with reduced amplitude, 
causing a reduction in efficiency.
The variation in resonant frequency was illustrated with several 
photographs of acoustic profiles at frequencies near to, and including, 
5MHz in a plane at 38° to the x-axis. When operated at 5MHz, the 
radiation was most intense from a central region. When operated at 
lower frequencies, eg. 4.85MHz, the intensity appeared to be lower and 
the drop-off from the centre to edge was faster. At higher frequenices 
such as 5.2MHz there were two non-central regions of maximum intensity.
Similar effects were also demonstrated at 15MHz.
Hie existence of coupled modes of vibration was deduced from 
striations in the schlieren pattern, the number of which increased in 
regular steps of 0.06MHz, starting at 14.58MHz. As already mentioned, 
Willard considered the use of a spherical electrode on the radiator 
impractical as the optical arrangement would partially integrate the 
effects of different planes in the crystal. Instead, he proposed a 
qualitative study of the sharpness and location of the focus by 
directing the acoustic beam vertically up to a water-air surface and 
varying the water level, until, depending on the transducer exciting 
voltage, a small hill or a fountain would be formed. Clearly this 
approach would only have been suitable for highly focussed transducers 
or for transducers with a relatively high input signal.
Willard concluded his extensive study with some theoretical 
calculations of the radiation efficiency of a quartz radiator. He 
showed that a greatly improved spherical radiator would be obtained by 
varying the thickness of the radiator to compensate for the varying 
frequency constant.
2.3 O'NEIL'S THEORY OF FOCUSSED RADIATORS
In the same year, 1949, O'Neil published his "Theory of focussing 
radiators". He derived analytical solutions describing part of the 
acoustic field due to a concave spherical radiator under continuous 
wave excitation, vibrating with uniform normal velocity, into a 
lossless medium. The solutions described the distributions of 
pressure, particle velocity and intensity along the axis and in the 
geometrical focal plane of a spherical concave radiator with a circular 
boundary, the diameter of which was large relative to the wavelength 
and large relative to the depth of the concave surface. The amplitude
and phase of the normal velocity were assumed to be constant over the 
concave surface and the amplitude was assumed to be small enough to 
avoid non-linear effects. This theory was certainly more complete than 
that of Williams (1945), giving more information concerning the 
sharpness of focus under general conditions.
Fig. 2.3.1 shows the coordinate system used. T h i s  was chosen so 
that the spherical cap with a geometrical radius, A, was centred on the 
z-axis, a was the radius of the circular baffle, and h was the depth of 
the concave surface. Hie calculation neglected the effects of 
secondary diffraction whereby the hemispherical waves radiated from any 
part of a curved surface would be diffracted by other parts of the 
surface. This effect was assumed to be negligible if the surface, S, 
was only slightly curved.
The four principal theoretical results can be summarized as
follows:
(a) the pressure amplitude at the geometrical centre of curvature is 
given by ^cuokh where ^ ,c and k were the density, sound velocity and 
wavenumber in the medium and uq is the velocity amplitude at the
surface of the piston. In order to obtain a strong focussing effect h
has to be large compared to the wavelength.
(b) The point of maximum pressure or intensity along the central axis 
of the beam was found to occur at a distance which usually has to be 
less than the radius of curvature of the element due to diffractive 
effects. The distance zmax to this point of maximum axial pressure
was found to be approximately equal to
w  = A  -  1 2  A  < 2 a >
(Kh)2 + 12
z = A
FIG 2.3.1 COORDINATE SYSTEM
It can be seen that the parameters k and h as well as A determine the 
focal properties of the beam. As the product kh becomes larger, ie. 
as the curved surface approaches a hemisphere and/or the frequency is
increased, the region of maximum pressure becomes more concentrated and 
sharply peaked and approaches the geometrical radius of curvature (z = 
A ) . This contrasts with Williams1 statement that "any observation of 
maximum intensity concentration near the centre of curvature is a 
result of low frequency", but agrees in that this observation can be a 
result of "a fortuitous combination of dimensions and wavelength".
(c) The axial distribution of pressure is represented by:
p = 2i£cuQ . Sin(k£/2) . exp[i(wt-kM) ]
(1-2/A)
where,
6 =  B-z ; M = (B+z)/2 ; B = /[(z-h)2 +a2] (2.2)
(d) For a small region on either side of the radius of curvature the 
relative pressure at an angle 0 from the axis is represented 
approximately by
p(0) = 2 J 1  (ka Sin0) (2.3)
ka Sin©
where is a Bessel function of the first kind and a is the radius of 
the circular baffle round the spherical cap. This expression is of 
course the same as the far-field directivity pattern of a non-focussed 
transducer of the same radius and c.w. frequency. The extent of the 
region near z = A for which this is valid is small for h »  X while for
small h, a larger region is included.
(e) It was estimated that 84% of the total power output of the 
transducer is transmitted through the area inside the first nodal 
circle at the centre of curvature.
2.3.1 INITIAL EXPERIMENTAL VALIDATION
O'Neil analysed some of Willards results (Willard, 1949) and noted 
that the focussing which was much sharper at 15MHz than at 5MHz was in
line with his theoretical predictions. Similarly, along the axis, he
found that the spacing of "the most prominent maxima and nodes was 
approximately equal to the spacing calculated for the circular concave 
radiator". It should be recalled that Willard had used a rectangular 
area of a spherical bowl transducer with his Schlieren system.
Willard had also used a radiation pressure balance to measure the 
power transmitted through part of the focal plane, with the rest of 
this plane blocked off by means of an absorbing diaphragm. His
measurements on the 5MHz transducer indicated that approximately 70% of 
the total power input to the quartz crystal was transmitted through an 
area inside the first nodal circle. The estimated loss due to
absorption in the water was estimated as 7% leaving a further 7% to be 
accounted for. O'Neil suggested that the agreement in any case was 
"better than expected as the calculations assumed a uniform normal 
velocity of the radiating surface whereas the actual normal velocity 
varied over the quartz crystal". It should be noted that by today's 
standards for radiation force measurement a 10% accuracy is considered 
good.
Commenting on Willards scheme for shaping a curved quartz crystal, 
involving non-uniform thickness, so as to obtain a uniform distribution 
of normal velocity, O'Neil presumed that "the principal features of
performance of such a radiator would probably be described by Willard's 
approximate theory with good accuracyn.
The derivation of the general solution for the complex pressure at 
an arbitrary point in the field will be described in some detail in 
Chapter 5.
2.3.2 O'NEIL'S THEORY AS A BASIS FOR THE DESIGN OF FOCUSSED 
TRANSDUCERS
2.3.2.1 PULSE ECHO SYSTEMS
Kossoff (1963,1964b,1965,1968) used the theory of O'Neil (1949) as 
the basis for a proposed scheme for the design of spherically focussed 
transducers to be used in medical diagnostic pulse-echo systems. Hie 
aim of the work was to optimize the beam width and the axial 
sensitivity of a weakly focussed transducer, relative to that of a 
circular plane disk transducer, having the same baffle radius. 
Expressions for the normalised intensity in the geometrical focal plane 
and on the axis were used in the procedure. Kossoff's expression for 
the axial intensity based on O'Neil's result for the square of the 
axial pressure amplitude was given as
I =
A . Sin 7Ta2 .(A - z)"1 2
A - z 2 X zA
(2.4)
(Kossoff, 1964), whereas the off-axis value was taken from the square 
of equation 2.3 and was used to define the beamwidth. This was 
variously taken to be the distance between two points at which the 
intensity was one fifth of the axial intensity (Kossoff, 1963, 1964b), 
one tenth of the axial value (Kossoff, 1968), the distance between the
first nodes in the lateral distributions (Kossoff,1965), or, the 
distance between two points where the volume of the solid of 
revolution, of the off-axis intensity, was the same as that enclosed by 
the far-field beamwidth.
Kossoff assumed that the total energy in a plane parallel to the 
transducer would remain constant, in a lossless medium, and that it 
could be represented approximately by
total energy = 7Tab i = constant 
-
where a^ was the beamwidth and Iz the axial intensity. For a transducer
of fixed baffle radius, a, the degree of focussing, resulting from
variation of the radius of curvature, A, was obtained by considering
the axial intensity, the beamwidth being inversely proportional to the
square root of the axial intensity. If the radius of the tranducer was
changed, the parameter for comparison became I /a • Indeed, he found
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that transducer geometries having the same I / a  resulted in equal 
beamwidths.
Since an improvement over a plane transducer was required, the 
radius of curvature for the focussed transducer was chosen so that the 
axial intensities of the focussed and plane transducer were equal at 
the maximum required distance of penetration. Ihe recipe for finding 
the optimum geometrical shape for the focussed transducer was finally 
described in two steps (Kossoff,1964b) namely
(i) the radius of curvature A should be made equal to the required 
penetration, D, and,
(ii) the radius, a, should be obtained from a = (Ad )*^.
He concluded that the improvement in resolution could only be obtained
in the geometrical focal region.
Whereas Kossoff advocated the use of weakly focussed transducers, 
in order . to improve the beamwidth over the whole desired penetration 
(Kossoff 1963, 1964b, 1965, 1968), he later subscribed to the idea of 
further improving lateral resolution using medium focussed transducers 
(Kossoff, 1972). This improved resolution which would be obtained over 
a quarter or a third of the previously examined depth (with an 
optimized weakly focussed transducer) would allow the "examination of 
anatomical features of greatest interest with good resolution" and a 
"diagnostically acceptable resolution elsewhere".
In the same article he proposed a definition for the degree of 
focussing (which until then appeared to be as subjective as his 
criteria for beamwidth) expressed in terms of the ratio of the shell 
depth, h, to the wavelength . Weak focussing was defined for h/X < 3, 
medium for 3 < h/X < 10 and strong focussing for h/X < 10. The subject 
had not been exhausted though, as Kossoff published another analysis on 
the "focussing action of spherically capped transducers" 
(Kossoff,1979). Once again he relied on O ’Neil's theory as the basis 
for his calculations. He presented a universal set of curves for the 
axial intensity and beamwidth (the distance between the first off-axis 
minima) specifying all of the dimensions in terms of the transition 
distance from the near to the far field of the equivalent flat 
transducers. In addition, a new set of criteria for the degree of 
focussing was proposed. The focussing would be weak if the radius of 
curvature A was in the range T/2 < A < 6°, medium for t/27T< A <T/2 and 
strong focussing would be obtained for a < T/2 TT, where T=a / X . 
Kossoff admitted that this new set of criteria was different from his 
previous attempt but considered that the new definitions were more 
useful as they "were found to fit more closely experimental practice".
It is somewhat surprising that for all his exhaustive literature on 
the field of focussed transducers there are only a handful of 
references to experimental work. Having defined the beamwidth as the 
region between the first off-axis minima and noting that according to 
O'Neil this part of the beam contained 84% of the incident energy 
Kossoff claimed that this agreed with experimental results. Ihese 
results were presumably obtained from his CAL echoscope as he qualified 
his observation by saying it was made "when the attenuator settings 
were such that the sidelobes were not displayed", (Kossoff, 1965). No 
further details were given I In the same paper he went on to say that 
the volume of the solid of revolution of the off-axis intensity was 
equal to the energy content of the beam and could be approximated by 
the product la and that this had been verified. He added that the 
validity extended between z = a / X and z = 2a /X from the 
transducer.
In 1979 his only experimental observation once again related to the
beamwidth of a focussed transducer. Since the energy content within a
beam (in an ideal medium) is constant then Kossoff assumed that the
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product of the axial intensity and the square of the beamwidth a^ 
would also remain constant. The value of this constant was ascertained 
by substituting the (calculated) values of intensity, 1^ , and width, 
a ^ ,  at the geometrical focus, which gave
If a ^  = I a^2 = 0.92 (2a)2
from which the width of the beam could be calculated. A verification 
of this hypothesis was offered in the form of a comparison of 
theoretical values obtained from the above equation. With the -20dB
pulse-echo beamwidth from "transducers used in diagnostic equipment"
which indicated that the "results agreed closely over distances where 
the axial intensity was greater than one fifth of the value at the 
focus".
Although these observations are of little scientific value as no 
details of the experimental set up was given, the theoretical results 
which were "verified" in this way have been extensively quoted by other 
authors.
2.3.2.2 HYPERTHERMIA
Ter Haar and Hand, (1981), were two such authors who provided yet 
another set of theoretical calculations, once again without 
experimental verification, which were aimed at providing guidelines for 
the design of spherical cap transducers to be used in hyperthermia. 
Ihey defined the width of the focal region W  as the distance between 
the first off-axis minima following Kossoff, (1979), and a gain factor 
G as the ratio of the intensity IA at the centre of curvature to that 
at the transducer surface Iq  viz
G = !A = 27Th
Graphs showing the variation of the gain factor G and the focal spot 
width, W, with the baffle radius, for different radii of curvature, 
v?ere presented together with graphs showing the frequency dependence of 
G and W with baffle radius, for a specific radius of curvature (A). In 
conclusion they stated that "in general the focal values produced by 
bowl transducers are smaller than tumour volumes to be treated" 
although no quantitative reference to these latter was given.
fryr\ynen et al, (1981), published a design study for focussed
transducers to be used in hyperthermia. They obtained theoretical 
axial intensity distributions from a spherical bowl at 1MHz in a medium 
having an attenuation coefficient of 10 Nepers/n/MHz, considered to be 
an average value for human soft tissue (after Olivers and Parry, 1978). 
They quoted Kossofffs equation for the axial intensity, equation 2.4, 
(Kossoff, 1979) as a basis for their calculations. As this expression 
was independent of attenuation they included a simple expression for 
the relative intensity near the geometrical focus following Rozenberg, 
(1969),
1 1 (z) = I (z) exp (-2.(?(f)z)
where (3(f) was the frequency dependent attenuation coefficient. They 
added that this was valid for "not too large intensities". A set of 
axial distributions was presented showing the effect of changing the 
radius of curvature, apparently having taken attenuation into account. 
It was not clear how this was done, bearing in mind the assumed limited 
spatial validity of the above equation.
The largest possible distance between the acoustic focus and the 
transducer origin, when the maximum intensity is higher than on the 
surface of the transducer, was calculated using the above formula by 
increasing the value of the radius of curvature until the intensity of 
the last axial maximum became less than that at the transducer face. 
The calculations were repeated at frequencies between 0.3 and 5MHz and 
it was found that the maximum distance of the acoustic focus, as 
described here, was more frequency dependent with increasing baffle 
diameter. The frequency dependence of intensity gain at the focus was 
calculated for a constant transducer diameter and varying focal length. 
It was shown that a maximum gain could be achieved at an optimum
frequency within this range. Hy*ynen et al also considered the effect 
of thermal conduction and the off-axis intensity distribution, taken as 
the square of equation 2.2, (cf. Kossoff,1969) on the temperature 
distribution in the attenuating medium, for different periods of 
insoni f ication.
Unfortunately there was no comparison made between the extensive 
computations and a corresponding physical situation. As with Kossoff 
(1979), Hynynen et al provided some ideas for the design of focussed 
transducers based on a theory (O'Neil, 1949) which at the time had not 
as yet been rigidly tested, in an experimental environment.
2.4 OTHER THEORETICAL ANALYSIS
As we have seen, the calculation of the complex pressure at an 
arbitrary field point requires, in general, the evaluation of a double 
integral and a great deal of computer time. Several workers succeeded 
in reducing this double integral to a single integration using either 
an impulse response approach or by a suitable manipulation of the 
geometry of the problem. Theoretical solutions were also derived for 
the transient response using impulse response and frequency domain 
techniques. For c.w. excitation, O'Neil's model was invariably used 
as a standard for comparison. All of the analyses to be described in 
this section are for a piston model except the one for a Gaussian 
surface velocity distribution which is included for the sake of 
completeness.
2.4.1 CONTINUOUS WAVE EXCITATION
2.4.1.1 THE PISTON MODEL
The theoretical approach of Pentinnen and Luukkala, (1976), was 
based on the Green's function technique applied by Lockwood and
Willette, (1973), to the near field calculations of planar transducers. 
They first derived the impulse response of a spherical cap transducer 
and found that it could be expressed in closed-form. This meant that 
only a single integration was needed to evaluate the pressure at a 
given field point. The single integral was found to be expressible in 
closed-form on the axis of symmetry and the result was found to be
identical to O'Neil's axial solution. As with O'Neil, the effect of
secondary diffraction was ignored and the validity of the analysis was
restricted to the regime where 2a » A  and A » A  .
Pentinnen and Luukkala then generated lateral pressure amplitude 
distributions in the focal plane and compared the results with O'Neil's 
expression (equation 2.3). They discovered that the width of the 
central beam not only depended upon the ratio a/A as implied by 
equation 2.3 but also on a mysterious parameter The mystery
surrounding this parameter arises because although it was frequently 
quoted in the paper it was never formally defined! It is the present 
author's opinion, based on deductions made from diagram captions, that 
this parameter must be the half angle subtended at the geometrical 
focus by the edge of the circular baffle around the spherical cap. 
Pentinnen and Luukkala's observations were that O'Neil's expression 
(equation 2.3) provided a good approximation for small values of , 
whereas for high values of a correction was necessary. The proposed 
correction involved multiplying the argument kaSin© of equation 2.3 by 
a factor of Cos(0.39 otm ). The authors did not qualify what was meant
by a low value of # , however, they considered ot = 25° in the 'high1
regime. Indeed they commented that using the modified argument would 
provide "a reasonably accurate value for the location of the first 
minimum and the shape of the centre maximum for values of up to
80°", although the magnitude of the first side maximum would still be 
"much too small". Clearly using either of Kossoff's definitions for 
the degree of focussing (Kossoff 1972, 1979) spherical bowls with
> 25Pwould fall into the "strong focussing" category which will not 
be considered in this thesis.
Madsen et al, (1981), presented a derivation of the pressure field 
due to a sinusoidally oscillating focussed radiator as an alternative 
to those of O'Neil (1949) and Pentinnen and Luukala, (1976), and, like 
the latter authors, their expression was in the form of a single 
integral. The Rayleigh formula was approached directly and, by means 
of a clever geometrical manipulation of the spherical symmetry of the 
problem, the double integral was reduced to a single integral and an 
extra term. The transducer surface was separated into two parts one 
part consisting of a smaller focussed transducer with the same focal 
point as the other. The integral term related to that part of the 
surface not including the smaller focussed transducer, while the 
contribution from the latter was expressed using O'Neil's solution for 
the pressure field on - axis, which was the aforementioned extra term. 
Their technique while providing identical results, was more efficient 
from the computational point of view than the numerical evaluation of 
O'Neil's double integral, was eventually adopted in this project. A 
more detailed discussion will be given in Chapter 7.
Lucas and Muir (1982) offered a new analytical model which was 
applicable to focussing sources which were large in comparison to the 
wavelength and subtended fairly small aperture angles. The problem of
radiation from a concave source was transformed into a problem of 
radiation from a phase modulated plane source, placed in an infinite 
compliant baffle, in the plane containing the origin of the original 
spherical source. The velocity potential was expressed as a spectral 
decomposition of the radiation in terms of cylindrical modes. The 
simplest of these modes was a plane wave propagating along the axis of 
symmetry while higher terms corresponded to cylindrical waves of 
increasing offset angle with respect to the axis. A "Fresnel 
approximation", which ignored high order modes, was applied to the 
expression for the velocity potential and restricted its validity to
o
aperture angles smaller than 20 . (The aperture angle here was
defined as the angle subtended at the geometrical centre of curvature 
by a point on the rim of the concave radiator.) The loci of the 
pressure zeroes on-axis, derived from the closed form axial solution, 
were compared with the loci from O ’Neil's solution and were found to be 
in disagreement near the source and up to 30% of the distance to the 
focus.
For distances beyond this range the only advantage of the technique 
over that of O'Neil was that the pressure field was expressed in the 
form of a single integral. It is not clear whether there would be any 
advantage afforded over the other single integral solutions already 
described.
2.4.1.2 GAUSSIAN SURFACE VELOCITY DISTRIBUTION
It had been shown (Martin and Breazeale,1971) that excitation of a 
plane disk transducer to produce a Gaussian velocity distribution over 
its surface eliminates side lobes of the far-field directivity pattern 
which occur as a result of uniform excitation. In addition, the minima 
and maxima in the near field are also eliminated.
Filipczynski and Etienne (1973) were interested to see if this was 
also the case for a weakly focussed spherical transducer with a 
Gaussian velocity distribution on its surface. They derived 
expressions for the acoustic pressure distribution across the beam 
width, in the focal-plane normal to the transducer axis and also for
acoustic pressure and particle velocity along the beam axis. The
conditions under which the analysis was considered valid were the same 
as those assumed by O'Neil, namely, that the radius of the circular 
baffle should be much smaller than the wavelength and much smaller than
the radius of curvature. Indeed the basis for solutions was the
Rayleigh double integral, as for O'Neil. Theoretical calculations 
showed that as for the plane transducer previously mentioned, there 
were no maxima and minima in the near field and that there was only one 
maximum at the focal region. The phase angle also was found to vary 
smoothly across the beam width. In an attempt to verify their theory, 
they used a ball reflector to map out the field and so the results did 
not strictly represent the distribution of acoustic pressure. Two 
transducers were compared, one with a Gaussian velocity distribution 
and one with a uniform distribution. There was no direct comparison 
presented between theory and experiment but the authors concluded that 
their experiments "confirmed the character of the structure of the 
acoustic field radiated by the focussing transducer with a Gaussian 
velocity distribution". However, they implied that there was some 
disagreement between experiment and theory in the focal plane but 
concluded that this was due to "the velocity distribution on the 
transducer surface not being precisely of the Gaussian type"
2.4.2 PULSED EXCITATION
When ultrasonic transducers are excited by short electrical 
impulses, as is common in medical scanners, their transient pressure 
fields are given by a superposition of a wide spectrum of frequencies. 
Ihe theoretical treatment of short pulse propagation from plane pistons 
has been given considerable attention. Ihe case of pulsed focussed 
radiators has been relatively neglected.
2.4.2.1 THE IMPULSE RESPONSE APPROACH
It appears that the field calculations for a plane piston can be 
most efficiently performed by convolution of the driving waveform with 
the source's impulse response as described, for example, by 
Stephanishen, (1971). Kossoff, (1963), described the axial transient
response of pulsed focussed radiators from a geometrical point of view. 
A rigorous treatment of the problem was given by Arditi et al, (1981), 
who presented the impulse responses for a spherical shell, an annular 
shell and an annular array. Cnee again the effect of secondary 
diffraction was ignored as it was noted, in agreement with O'Neil and 
Pentinnen and Luukkala, that by neglecting this effect, a good 
approximation could be obtained for most practical applications, where 
the diameter of the source was large compared to the wavelength and the 
source was only slightly curved.
Hiey also considered c.w. excitation and showed how the pressure 
amplitude could be derived from the impulse response by a single 
numerical integration as had already been demonstrated by Pentinnen and 
Luukkala (1976). They further examined the c.w. pressure 
distributions on the axis and in the geometrical focal plane and found 
that their results, derived by means of the Fourier Transfer of the 
impulse response, were identical to those obtained by O'Neil.
2.4.2.2 FREQUENCY DOMAIN METHODS
Weyns, (1980), employed sine-modulated Gaussian pulses in his model 
for a pulsed focussed radiator. In practical terms this meant putting 
a Gaussian time dependence on the normal particle velocity amplitude, 
on the surface of the piston, into the Rayleigh Integral, as used by 
O'Neil. This was evaluated numerically by dividing the surface of the
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transducer into (X/4) x (X/4) elements. The pressure at any point 
in the field was then computed as a double summation of contributions 
from these elemental areas. He observed several interesting effects by 
varying some of the parameters. He discovered that the ultrasonic 
field of pulse-excited spherical radiators strongly depended on the
number of cycles within the pulse. He considered the transition 
between the continuous and pulsed regimes was when there were six
cycles in the pulse. In going from continuous to pulsed excitation he
noted that there was a reduction of the near field structure and a 
widening of the focal region. It was however not clear how the 
pressure amplitude was defined. Furthermore, he surmised that the
familiar effect of decreasing the ratio, a/A, namely a simplification 
of near field structure and a reduction in the side-lobes becomes 
smaller with a decreasing number of cycles in the pulse.
It can be argued that these effects are intuitively obvious if a 
pulse is considered in the frequency domain. The narrower the pulse 
the wider its frequency spectrum, and so the effect of superimposing 
the fields of the individual frequency components would be to smear out 
the local extrema.
Goodsitt et al, (1982), used a frequency domain approach to 
calculate pulse shapes in an attenuating medium. The pressure pulse 
was expressed as a linear superposition of sinusoidal waves. For each 
field point, the amplitude and phase of each frequency component was
calculated as a single numerical integration of a complex integrand 
(Madsen et al, 1981), described in Section 2.4.1.1. The authors found 
good agreement between pressure signals, measured with a conventional 
imaging transducer and those predicted theoretically at various 
positions in attenuating and non-attenuating media. These results will 
be discussed more fully in Sections 2.5.2.2 and 2.6.
Cobb, (1984), used the approximate theory of Lucas and Muir, (1982) 
(see Section 2.4.1.1), as the basis for his frequency domain method for 
the prediction of the ultrasonic field patterns of pulsed focussed 
radiators. He rewrote the single integral solution of those authors in 
terms of a Bessel function series which he claimed resulted in 
significant computer time savings relative to previous methods. The 
pressure pulses were calculated by superimposing continuous wave 
solutions at discrete frequencies in the way described by Goodsitt et 
al (1984).
To test the accuracy of the model, predicted and experimental 
waveforms were compared at specific locations in the field. A 
"typical" medical imaging transducer was used for these comparisons. 
Particular emphasis was drawn to the comparison between experimental 
and predicted peak pressure values, in the envelope of the signal, 
throughout the transducer field in the non-attenuating medium. All the 
experimental details will be discussed in Section 2.5.2.2.
2.5 EXPERIMENTAL WORK ON SPHERICALLY FOCUSSED TRANSDUCERS IN
NON-ATTENUATING MEDIA
The experimental work to be described in this section falls into 
two categories according to the nature of transducer excitation namely 
c.w. or pulsed. In the latter category some workers used a c.w. 
theoretical model as a basis for comparison with their results and this 
will be discussed separately from work on pulsed systems which employed 
a proper transient analysis.
2.5.1 CONTINUOUS WAVE EXCITATION
In 1969, Smith reported some experimental work on a PZT-4 ceramic 
spherical cap with a radius of curvature of 30cm operating at 2.3 MHz 
in water. His work was primarily a study of finite amplitude 
propagation but included some results in the "infinitesimal" amplitude 
regime. The focussed transducer was driven with 20ps tonebursts and 
the resulting field was observed with a 1/8 inch (3.175mm) diameter 
x-cut quartz probe. The resonant frequency of the probe was 25MHz. 
The sensitive plane disk element was mounted on a fused-quartz rod and 
the output signal passed through a transistor emitter-follower built 
around the quartz rod. The received signal was viewed on an 
oscilloscope or was first passed through a heterodyne harmonic analyser 
which allowed the first four harmonics to be viewed separately. The 
data reported was obtained from the face of an oscilloscope. The sweep 
displaying the received signal (after filtering to the particular 
frequency under examination) was collapsed to a single spike which was 
moved across the screen by an external voltage from a potentiometer 
arrangement geared to the location of the receiver. A photographic 
time exposure of the face of the oscilloscope was used to record the 
data. The receiver probe was calibrated on an absolute basis to a
claimed accuracy of 15%. The method used for the calibration is open 
to criticism largely because the description offered was ambiguous. A 
direct self-reciprocity calibration for the probe was not possible 
because of the presence of the emitter-follower. Instead a "comparison 
self-reciprocity procedure" was adopted in which a series of plane disk 
transducers were calibrated at their resonant frequencies using 
self-reciprocity. The probe receiver was then placed at the a /X 
point of each of the transducers where the infinitesimal amplitude 
plane-piston theory predicts the pressure to be twice the pressure at 
the source (see e.g. Zemanek, 1971). By obtaining data with the probe 
across this peak at a /A , Smith applied an unspecified "correction to 
account for the finite size of the probe". The "corrected" voltage 
output was related to the "known" pressure amplitude produced by the 
plane transducers assumed to be vibrating as a piston.
The above description has been included as it suggests that an 
error in the absolute calibration of 15% may have been a little 
optimistic; especially as there was no evidence presented to justify 
the assertion that the transducers used for calibration were indeed 
acting as ideal plane pistons.
A direct self-reciprocity calibration was attempted for the 
spherical cap transducer by reflecting waves from the transducer off "a 
convex surface located a few centimetres away from the source". Smith 
found that using this technique, the results showed "agreement within 
experimental errors" to the predictions of Williams, (1946) , and 
O'Neil, (1949). Experimental data from the "infinitesimal amplitude 
regime" were presented for an initial pressure amplitude of 0.1 
atmospheres. It is not clear how this was determined but presumably 
from the self-reciprocity measurements described above. At this level, 
a close approximation to infinitesimal amplitude propagation was
expected but some second harmonic energy was detected. The maximum 
pressure amplitude on-axis was seen to be about 0.8 atmospheres which 
cannot be described as infinitesimal. Perhaps the criterion adopted 
for this regime should have been such that the maximum amplitude within 
the field would not exceed 0.1 atmospheres rather than to impose this 
limit at the source.
In comparing the measured axial amplitude distributions with 
O'Neil's theory on an absolute basis it was found that the location of 
the true focus was closer to the origin than predicted. In addition, 
the pressure at the true focus was about 20% lower than predicted and 
this discrepancy extended beyond this position in the field. Smith 
suggested that a possible reason for the discrepancy involved the 
calibrations of the receiver and transmitter as they performed 
independently and so "should not be expected to give exact agreement". 
If the error in the calibration of the transmitter was of the same 
order as that for the receiver this seems to be a good explanation. By 
disregarding the calibration and normalizing the experimental curve to 
fit the theoretical curve at an arbitrary point, 30cm away from the 
source, he found that "fair agreement of shape" was the result. In 
practical terms this region of fit extended from 30cm to 50cm. There 
were two further discrepancies of note between the experimental and 
theoretical data on-axis, namely: the position of the first node
(amplitude minimum) on the source side of the true focus was about 1cm 
further from the source and the position of the second node was about 
lcm closer to the source than predicted.
Smith suggested, by noting that the values for both the shell depth 
and baffle radius enter into O'Neil's theoretical expression for the 
on-axis pressure distribution, that an effective value for the baffle 
radius could be determined from the experimental data. He did not
explain how, but mentioned that he obtained an effective value for the 
baffle radius of his spherical bowl transducer of 2.17cm. He found 
that this compared well with the radius of the electroplated electrode 
of 2.22cm. He did not exploit this further by obtaining a theoretical 
distribution based on this effective parameter and comparing this with 
experimental data. He also obtained amplitude profiles perpendicular 
to the axis but did not compare these with O'Neil's theory but 
commented on a number of unspecified "irregularities" in the beam which 
he assumed to be due to the mounting or surface irregularities of the 
spherical segment and concluded that "in spite of these irregularities 
the focussing effect was quite sharp".
The present author (Adach, 1981, 1982) believes he was the first to 
embark upon an extensive experimental study of the fields from 
spherical cap transducers in water for the purposes of comparison with 
the theory of O'Neil, (1949). This work provided the starting point 
for the work described in this thesis and for this reason, will be 
considered separately in the next chapter.
As well as providing a novel technique for calculating the pressure . 
from a spherical cap transducer, Madsen et al (1981) also described 
some experimental results which they compared with their theoretical 
predictions. Their theoretical approach involved a manipulation of the 
coordinate system so that the double Rayleigh Integral used by O'Neil 
was reduced to a single integral and a constant term (see Section 
2.4.1.1). The solutions were more efficient from the computational 
point of view but were otherwise identical to those of O'Neil. Their 
experimental observations independently confirmed some of the results 
to be described in this thesis.
Madsen et al measured pressure amplitude and phase distributions in 
the field of a spherical cap transducer using a 1mm diameter
hydrophone. The transducer was driven with tonebursts and the voltage 
was considered low enough for any non-linear effects to be 
undetectable. The hydrophone was aligned with respect to the acoustic 
axis of the transducer to an accuracy of f0.3mm over the range between 
the transducer origin and the centre of curvature. In their paper, 
they show the results obtained from one of these transducers which was 
nominally resonant at 3.5MHz with a nominal centre of curvature of 
10.2cm ( 4n ) and a circular baffle 19mm in diameter. The experiments 
were performed at 2.46MHz and lateral line scans were obtained at seven 
discrete distances from the source.
It would appear that comparison between their experimental results 
and the theory based on the nominal geometrical characteristics of the 
source was not satisfactory as they used a "measured" value for the 
radius of curvature in their published results. The way that this 
value was obtained was based on their theoretical solution for the 
pressure at the centre of curvature of the spherical bowl. Their 
result which was identical to O'Neil's (equation 2.3) predicts a series 
of concentric rings of zero amplitude. The radius of curvature was 
thus found by searching for the plane in which these rings of zero 
amplitude were present. This must indeed have been a tedious process. 
For this particular transducer, the measured value for the radius of 
curvature was determined as 11.0 +, 0.1cm which was higher than the 
nominal value of 10.2cm. The diameter of the baffle was taken as its 
nominal value of 19mm.
The agreement between the theory based on these parameters and the 
experimental data was good excepjt close to the source, specifically at 
1.17cm, being better for the amplitude than for the phase 
distributions. The on-axis values for the pressure amplitude taken 
from the lateral scans were found to be in good agreement with the
predicted axial distributions after normalisation at the position of 
the maximum value. This comparison was perhaps a little trivial as 
only seven data points were obtained over a range of about 18cm.
The authors also mentioned the results obtained from two other 
transducers. One had a specified diameter of 19mm, a nominal radius of 
curvature of 14.0 + 0.3cm and a resonant frequency of 2.25MHz.
Measurement of amplitude and phase were made in the plane containing 
the rings of zero amplitude, taken to be the true radius of curvature 
which was at 13.7cm. Agreement between theory based on this value and 
the experimental data was considered to be "slightly better" than for 
the one previously described. The theoretical pressure distribution 
was calculated using equation 2.1 and by solving their single integral 
formulation of the Rayleigh Integral (see Section 2.4.1.1). The two 
sets of data were found to be indistinguishable. The third transducer 
tested had a manufacturer's specified radius of curvature of 6.5cm and 
a diameter of 3cm. The true radius of curvature as measured at 6.35cm. 
The agreement between theory and experiment was considered "good but 
not as good " as for the initial transducer. Indeed Madsen et al added 
that the data for this transducer had not been reported because they 
considered that at the amplitudes observed, some non-linear effects 
were present. The same authors later advocated the use of an effective 
baffle radius (Goodsitt, 1982). This was obtained from the position of 
the first off-axis zero in the plane of the previously defined radius 
of curvature in conjunction with equation 2.3. For the two tranducers 
described having a nominal baffle radius of 9.5mm, the effective values 
were calculated to be 9.4 and 9.14mm. It was suggested that this could 
be due to apodization, that is, due to the fact that the tranducers' 
active elements were constrained at their outer edges.
Cobb, (1984), made some toneburst measurements to obtain
characteristic values for the geometry of a spherical cap transducer 
which he used for a more detailed study of the transient response. The 
latter results will be discussed in Section 2.5.2.2. He followed the 
method of Madsen et al, described above, to obtain values for the 
radius of curvature and the effective value for the radius of the 
transducer baffle. The measurements were repeated at four discrete 
frequencies and an average value was attributed to the effective baffle 
radius which implied a frequency dependence of this parameter. Cobb 
did not quote the nominal value of the radius of curvature but gave the 
nominal baffle radius as 9.5mm. This was higher than the average 
effective radius of 9.06 .+ 0.20mm. The two effective parameters were 
used in equation 2.3 to generate the off-axis pressure distribution at 
the position of the effective radius of curvature. The agreement with 
experimental data was seen to be very good. No details of the level of 
transducer excitation was given.
2.5.2 PULSED EXCITATION
2.5.2.1 AN APPROXIMATION FOR CONTINUOUS WAVE EXCITATION
Lees, (1971), published some measurements, taken on the fields of a 
selection of spherical cap transducers, and singled out two possible 
criteria which he considered useful for describing these field 
patterns, namely, the focal spot diameter and the beam divergence. He 
obtained field pattern calibration diagrams by mapping out the 
amplitude of the reflected signal from a series of 6mm diameter metal 
rods in water. No details of the form of transducer excitation were 
given but the reflected pulse shape was described as "reasonably well 
damped". This would appear to imply that the transducers were 
broadband devices. For this reason, the interpretation of the analysis
based on the cw theory of O'Neil has to be done with caution.
As already mentioned, the expression for the distribution of 
relative pressure in the plane of the centre of curvature according to 
O'Neil (equation 2.3) predicts a series of concentric rings of zero 
amplitude around the axis of the transducer. Lees discovered from his 
measured distributions that the pressure did not go down to zero and 
surmised that this was due to "noise" or uncertainty generated by the 
equipment. It is more likely that this effect was due to the fact that 
since pulse excitation was used the transient pressure field was given 
by a superposition of a wide spectrum of frequencies which would tend 
to blur out such features as pressure minima. Furthermore, the use of 
a line reflector would integrate the complex pressure over the extent 
of the line causing an unspecified error in the desired measurement of 
the pressure at a given point.
Since the nodes in the amplitude distributions off-axis could not 
be defined, Lees proposed that an arbitrary selected level must be used 
instead to define the beamwidth. He obtained data based on two 
criteria, namely, the widths defined by the points at which the 
relative pressure amplitude fell to 1/e and to 0.1 of the peak value in 
a particular plane. He found that a straight line could be fitted to 
each set of data, using least squares, with an origin at the centre of 
the transducer. He compared his results with the theory of O'Neil and 
specifically used equation 2.3. For the pulse-echo technique it was 
assumed that this could be modified to :
P(0) = ^JjJkaSin©)! 2 (2.5)
kaSinO
which shows that a given value of the relative pressure P(©) is found 
at an angle 0 to the acoustic axis. In other words, the locus of 
points with the same relative pressure is a cone centred at the origin 
with a half-angle 0. He compared the slope of this cone (in cartesian 
coordinates) to the slope of the measured beamwidths vs axial distance, 
for each of the two criteria described above, and found agreement to 
within between -9 and +14% for the 1/e peak value boundary, and to 
within -3 and +12% for the 0.1 criterion. This applied to data in the 
far-field where there was only one main peak. Data from planes close 
to the transducers, where there were multiple peaks, were ignored.
In addition to comparing the beamwidths with the theory, Lees also 
did a similar analysis on the diameter of the sonic beam at the 
geometrical focal plane, using the 1/e and 0.1 criteria with equation
2.5. Although this amounts to the same thing as the comparison of the 
loci of the beamwidths, the former was based on a measurement in a 
single plane, whereas the latter involved a least squares fit with data 
from several planes. For this reason the percentage discrepancies 
between experiment and theory were larger, being between -6 and +23% 
for the 1/e criterion and between -12 and +20% for the 0.1 criterion. 
In spite of the relatively large percentage discrepancies, Lees 
believed that agreement between theory and experiment had been achieved 
within experimental error.
Equation 2.3 related to the point pressure distribution in the 
field of a focussed transducer radiating monochromatic waves. The 
application of this theory to an experimental set-up, which at best 
integrated the pressure of a broadband pulse over a finite line, seems 
a little tenuous and perhaps this is best reflected in the percentage 
discrepancies.
Banjavic and Zagzebski, (1981), reported some work which was
essentially similar to that of Lees but was far more systematic. 
Poise-echo response widths for several weakly focussed transducers were 
determined, by mapping the beam in a water/ethanol mixture, using a 
4.8mm diameter spherical reflector.
The -20dB pulse-echo beamwidth was compared, as a function of 
depth, to the theoretical beamwidth predicted by equation (2.3) The 
condition is fulfilled when kaSin© equals 3.83 and so the width of the 
central lobe was defined as the distance T viz:
T = 1.22 c z (2.6)
f a
where a was the radius of the transducer baffle, c and f, the velocity 
and frequency in the medium and z the distance from the source. 
Although this expression was strictly only valid for the c.w. regime 
and in the vicinity of the focus, the authors found that it could be 
used for the pulsed system. The accuracy for predicting the -20dB 
width was found to be dependent on the frequency chosen to characterize 
the broadband pulse.
The centre frequency, fc , was defined as the midpoint between the 
frequencies at which the amplitude of the spectral components of the 
poise where half of the maximum. For the mean frequency, fm , a 
spectral density weighting function was derived from the square root of 
the envelope of the frequency spectrum of a reflected signal. The 
square root was taken to allow for the double transduction process in 
the piezoelectric element. The choice of fc or fm to be used in 
equation 2.3 depended on the degree of symmetry of the frequency 
spectrum. If the areas contained under the spectral distribution, for 
frequencies greater than f Q  and less than fm , were approximately
equal then f was used. However, it was found that if the difference
in the areas was greater than 15% then f was the choice. On this
basis agreement between theory and experiment was seen only in the
vicinity of the geometrical radius of curvature whereas, outside of
this section, the beam was found to diverge quite sharply from the
theoretical line. This agreed with the constraints of O'Neil's theory
described previously. The average variation between the computed
(using f ) and the experimental values of T , for all six focussed
transducers examined, was 14.4%. When f was used the value wasm
12.5%. In most of the cases the predicted T overestimated the 
measured -20dB pulse-echo beam width. From the data presented,
however, it did not appear that a straight line could be drawn through
the points in the far field such that it would also pass through the 
origin which seemed to imply that Lees' results may not have been 
typical in general.
Banjavic and Zagzebski extended this work to an absorbing material, 
with similar acoustic parameters as human liver parenchyma, and the 
results will be discussed in Section 2.6.1. The authors also used the 
mean frequency f to predict the axial position of the pulse-echo peak 
response in the water/ethanol by calculating k (=2rrfm /c) for use in
O'Neil's approximate expression for the position of the maximum
pressure amplitude on axis (equation 2.1). The agreement between 
theory and experiment was good, with an average difference of 1.3mm in 
40 - 80 mm, and a variance in the difference of 0.9mm.
2.5.2.2 TRANSIENT RESPONSE
Goodsitt et al, (1982), used a frequency domain superposition 
theory (see Section 2.4.2.2.) to calculate the hydrophone output at 
any position within the field of the pulsed focussed transducer. An 
experimental signal recorded by a hydrophone, at one position in the 
beam of a transducer, was introduced into the theory to predict the 
signals at other hydrophone positions. They hydrophone was modelled as 
a circular, plane piston receiver with zero time delay transient 
response. The effect of the finite size of the hydrophone was 
accounted for by partitioning the receiving element into annular rings 
or segments thereof, and numerically integrating the instantaneous 
pressure over the receiver area.
The two medical focussed transducers described in Section 2.5.1 
were studied. The effective values for the radius of curvature and 
baffle radius were used in the calculation of theoretical signals, 
which were then compared with those obtained experimentally, in a 
water/ethanol mixture, and when a slab of tissue mimicking attenuating 
material displaced some of this medium, between the transducer and 
hydrophone. The effect of attenuation on pulses will be discussed in 
the following section.
In actual fact, theoretical predictions of hydrophone voltage 
signals rather than force signals were compared to their experimental 
counterparts. This was considered to provide an adequate test of the 
model without the necessity of acquiring accurate measurements of the 
force-to-voltage transfer function of the hydrophone at all of the 
frequencies associated with the pxilse. The hydrophone modified 
spectral content of the pxilse was determined from reference signals 
output by the hydrophone when placed in the focal region of the 
transducer. In general from the results presented, the agreement
between theory and experiment was very good at all positions whether on 
or off-axis. The reasons put forward for some small discrepancies 
related to non-ideal behaviour of the transducer and hydrophone and 
transducer experimental positioning errors.
The same conclusions were drawn by Cobb, (1984), who compared 
hydrophone measurements of signals from a diagnostic transducer with 
predictions based on his theoretical model described in 
Section 2.4.2.2. Cobb's technique was essentially the same as that of 
Goodsitt et al. Like these authors he determined the spectral content 
of the pulse by measuring the received pressure signal at the focus of 
the transducer. Whereas this position was chosen rather empirically by 
Goodsitt et al, so as to minimize the effects of phase variation across 
the receiver area, Cobb chose this location because the source transfer 
function appeared explicitly in his expression for the pressure at this 
point. The result was, nevertheless, the same.
In addition to comparing theoretical and experimental transient 
pulses, Cobb also considered the beam shape. For this purpose, the 
quantity for comparison was the peak envelope amplitude. The data was 
expressed in the form of contours normalised at the focus and for the 
specific case presented, agreement between theory and experiment was 
good. He noted that the maximum pressure occurred on the axis at a 
location on the transducer side of the centre of curvature, as has 
already been shown to be the case for c.w. fields, and that in 
addition, the beam constriction was a maximum in the plane containing 
the position of maximum pressure.
2.6 EXPERIMENTAL WORK ON SPHERICALLY FOCUSSED TRANSDUCERS IN
ATTENUATING MEDIA
Banjavic and Zagzebski, (1981), extended their analysis, on the 
pulse-echo beamwidth of spherically focussed transducers in a 
water/ethenol medium (described in Section 2.5,2.1), to an attenuating 
medium. Hie latter material had a similar speed of sound (1568n\/s), 
mass density (1.04kg/m ) as well as well as an acoustic attenuation 
coefficient (0.72dB/cm) to that of human liver parenchyma. Hie
frequency dependence of the attenuation coefficient was f^*^.
Measurements of the -20dB pulse-echo beam-width were made on a phantom 
constructed from this material, with unspecified spherical targets at 
various distances from the surface. Ey comparing these results to 
those obtained in water/ethanol, the authors noted several effects 
attributable to the attenuating material. Hie -20dB beam width was 
reduced in comparison to the water/ethanol measurements for points
close to the transducer face. This was consistent with a shift of the
region of maximum pressure towards the transducer. Beyond this focus 
the beam was seen to diverge more rapidly than in water/ethanol.
Hie effects of the frequency-dependent attenuation on the predicted
beam width were taken into account by modifying the frequency spectrum
representing the unattenuated pulse measured in water/ethanol. The
spectral density distribution for broadband pulse propagation through a
thickness, d, was adjusted by a factor exp(-2c< #  ' in the magnitude 
of the individual frequency component, f^, of the original unattenuated
spectral density distribution as measured at the same position in the
water/ethanol mixture alone. Although the frequency dependence for the
phantom material was f^*^, the authors approximated this to a linear
dependence. A new centre or mean frequency, f (d) or f (d), was
determined, depending on symmetry, as a function of the length of the
attenuating path, and the corresponding values of f were calculated. 
The variation between the computed T 's and the measured -20dB 
beamwidths was 14.7% when only the centre frequency fc was used to 
determine T . No results were quoted for T ’s calculated using fm 
although it was implied that these calculations had been performed.
Goodsitt et al, (1982), used the same tissue-mimicking (TM) 
material to compare the transient response of a focussed transducer, in 
an attenuating medium, with theoretical predictions, using their 
frequency domain superposition technique (see Section 2.4.2.2.). The 
attenuating medium in the form of a cylinder occupied part of the 
region between the transducer and a hydrophone in a water/ethanol 
mixture. The length of the straight line between the centre of the 
transducer face and the centre of the hydrophone face was chosen as an 
effective path length. To account for the influence of the sample 
shape, effective speeds of sound and attenuation coefficients were 
computed using the effective pathlength and introduced into the theory.
The frequency dependent speed of sound and attenuation coefficient 
were measured at several frequencies. The Kramers-Kronig relation was 
applied to the empirical formula obtained for the frequency dependence 
of the attenuation coefficient. The resultant values for the group 
velocity agreed only up to 2MHz after which frequency the measured 
speed of sound data deviated, to an unspecified degree, from that 
calculated using the above relation. The transient response at several 
positions in the field was measured as described for the water/ethanol 
mixture above (see Section 2.5.2.2) and compared with the predicted 
values. Agreement was good for all cases when the measured dispersion 
relation was used, however, an acceptable fit was obtained when only 
the Kramers-Kronig relationship was used.
2.7 DEFOCOSSING IN HUMAN TISSUE
Although focussed fields obtained by any system other than a 
spherical cap will not be considered in this thesis, the work of Foster 
and Hunt, (1979), using a plane disk and lens combination to produce a 
focussed field in castor oil and human tissue, provoked some 
interesting questions about the fields from spherical cap transducers 
in attenuating media. They used a 50mm diameter annular array 
consisting of six elements with a liquid Freon lens as the focussing 
source. The central element had a radius of 0.55cm. By successively 
adding on the outer elements, the transducer could be made to have an 
outer radius of 1.1, 1.61, 2.0, 2.27 and 2.5cm. The transducer was 
used both as a c.w. source and as a broadband device. In the latter 
pulsed mode it had a bandwidth of 5.1MHz (-6dB points) with an average 
frequency of 4.1MHz as measured by a hydrophone, in the farfield of the 
central transducer element. The probe used for the experiments 
consisted of an 0.8mm diameter PZT5 disk nominally resonant at 5MHz. 
The bandpass was from 3.5-6MHZ (-6dB points) and this narrowed the
overall transducer-receiver bandwidth to 4.0MHz with an average 
frequency of 3.8MHz. The first cycle only was used in the pulsed mode 
and this was obtained by gating the received signal. No details were 
given for the criterion used to define the amplitude of the signal, 
presumably the peak-to-peak value was used.
The performance of the transducer and lens was first tested in 
distilled water using c.w. excitation. The full width half 
maximum (FWHM), of the pressure distribution in the 'focal plane', was 
measured over the frequency range of l-7MHz and compared with a 
theoretical prediction using the far field directivity pattern (the 
same as equation 2.3). It was not clear what 'focal plane' meant, 
whether it was the geometrical focal plane or the position of maximum
pressure for one of the transducer apertures, but it was specified as 
being 10cm away from the transducer. The agreement between experiment 
and theory was good at 1MHz for all apertures but decreased with 
increasing frequency.
The rest of the experiments were performed with pulsed excitation. 
The measurement system consisted of a bath filled with distilled water 
into which the transducer and receiver were immersed, the latter being 
confined to the 'focal plane* at 10cm. Liver slices were introduced 
between the transmitter and receiver in approximately 1.5cm increments 
up to a total of 8.5cm. For each thickness the FWHM was measured 
(at 10cm), for each of the six available apertures, and a straight line 
fitted through the data. It was found that the/ FWHM increased with 
increasing liver thickness and this effect was referred to as 
'defocussing' or a 'decrease in focussing ability'. The fluctuations 
in the FWHM's were greater for small apertures than for large apertures 
as was the rate of increase of FWHM with respect to the liver 
thickness. It was presumed that 'the improvement noted at larger 
apertures was imposed by the tissue on the propagating pulse'.
The technique was extended to whole organ studies of fresh human 
breast and brain. For the breast, the excised tissue was positioned, 
in the water bath, with the nipple pointing towards the transmitter. 
The 'focussing' decreased, or the FWHM increased, for greater 
thicknesses of breast in the direct path of the ultrasonic beam, but 
still improved with increasing aperture. The brain study was performed 
on a sample twice as thick as the breast. TVo geometries were used but 
very little difference was found between them. 'Defocussing per 
centimetre of tissue' was significantly lower in the brain than in 
liver which in turn caused the beam to spread less than in the breast.
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Two processes were identified/to be responsible for degradation in
tissue namely, (i) the spectral shift due to frequency-dependent 
attenuation and (ii) phase distortion of the converging wavefront via 
refractive index variations in the tissue. Measurements of attenuation 
coefficient on breast, liver and castor oil were consistent with the 
former process but this did not exclude the possibility of the latter.
The attenuation coefficient of liver was found to be linear with 
frequency at 0.7 + 0.2 dB/(cm/MHz) while attenuation in breast was 
non-linear with frequency at 0.75 +0. 3  dB/(cm/MHz ). Thus for a 
given bandwidth the expected shift to lower frequencies was more severe 
for breast than for liver. Since the FWHM is inversely proportional to 
frequency the beam spreading would be expected to increase as the mean 
frequency decreased and this 'defocussing' effect was found to be in 
line with the results obtained from breast and liver.
Experiments in castor oil which had a similar attenuation 
coefficient to breast indicated that under pulsed conditions the 
defocussing was indeed caused by the spectral shift effect. The FWHM 
was measured for all apertures under c.w. conditions, at 3MHz, and 
compared to water. No 'defocussing' was observed. The same result was 
obtained under pulsed conditions by filtering the hydrophone output to 
a narrower bandpass. By repeating the experiments with brain the 
defocussing effect was also reduced. However, the c.w. beam profiles 
for breast were very irregular and no 'defocussing' curve could be 
plotted. It was surmised that since breast is heterogeneous with 
closely associated regions of fat, connective and glandular tissue, 
large refractive index variations and scattering effects in the tissue 
would deflect the ultrasound off-axis.
A further effect not mentioned by the authors is the effect of 
velocity on beam spreading. Examination of the expression for the 
FWHM, which is the same as equation 2.6 with the exception that the
constant *1.211 is replaced by 1.41, shows that the FWHM is directly 
proportional to velocity. Since both liver andy^ breast have higher 
velocities than water, (Goss et al, 1978), the effective velocity in 
the transmitter-receiver path would increase as the thickness of tissue 
was increased which, in turn, would lead directly to a beam spreading 
effect. It is however likely that this effect would be much smaller 
than that due to the two effects (i) and (ii) above.
2.8 CONCLUSION
Following this brief overview and neglecting the work of the group 
at Wisconsin, it can be seen that since Greutzmacher conceived the idea 
of a spherically focussed transducer in 1935, in spite of the extensive 
use of such devices in ultrasonic imaging systems, the literature on 
the subject has been very sparse. In an attempt to rectify this 
situation, a study on the field of a spherical cap tranducer was 
attempted by the present author, as part of an MSc project, 
(Adach,1981), and some of the results provided a starting point for the 
work to be described in this thesis. For this reason, a summary of the 
main points of the MSc work will be given in the next chapter.
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3.1 INTRODUCTION
It had been not infrequently reported in the literature thAt the 
measured ultrasonic field patterns from a circular plane disk 
transducer were not in very good agreement with the plane 'piston1 
model described, for example, by Zemanek, (1971). According to this 
theory the positions of the last axial amplitude minimum or maximum are 
uniquely determined by the ratio of the square of the baffle radius, to 
the wavelength. Chivers et al, (1980), proposed that an effective
radius could be defined from the experimentally determined positions of 
the aforementioned extrema and it was discovered that this parameter
was frequency dependent. It was subsequently shown that by using an
effective radius in the plane 'piston1 theory, a better prediction of 
the distributions of amplitude and phase could be obtained, compared 
with the case when the nominal value was used (Aindow, 1983). The aim 
of the MSc project was to see if the measured field patterns of a 
weakly focussed spherical cap transducer agreed with the predictions of 
an appropriate 'piston' theory. T h e  agreement was indeed found to be 
poor, in general, and so it was decided to see if a similar analysis to 
that for the plane disk transducer could be applied here. It was 
expected that with an extra geometrical degree of freedom, two
effective parameters would be required to describe the radiated field.
The experimental apparatus which was used for the measurements in 
the MSc project formed the basis of the experimental set-up which was 
used in the present work and so it is particularly relevant to describe 
it here.
3.2 APPARATUS
The experimental arrangement was very straightforward as is shown 
schematically in fig. 3.2.1. The transducer was a commercially 
available (Transducer manufacturing services, Malmesbury) spherical cap 
(TMS no. 41036) having a geometrical radius of curvature of 10cm, a 
circular baffle of 1.5cm in diameter and a nominal resonant frequency 
of 5MHz.
The exciting signal was taken from the output of a 'Wavetek* signal 
generator triggered by a 'Thandar TG 1051 pulse generator to provide 
tone bursts of adjustable length and repetition frequency. The 
equivalent CW frequency was monitored by a 'Thandar TF 200' frequency 
meter. The exciting and received signals were observed on an 
oscilloscope. The hydrophone was a commercially available (Transducer 
manufacturing services, Malmesbury) 1mm diameter ceramic device. The 
signal from the hydrophone was fed to the oscilloscope via a purpose 
built FET preamplifier and a decoupling capacitor to remove the DC 
shift.
The experiments were performed in a multi-purpose perspex tank 
(Filmore et al, 1980) set up in the field plotting mode. The tank 
incorporated a system of two perpendicular threaded tracks allowing the 
smooth passage of a platform, to which the hydrophone was fixed to any 
desired position. The position of the hydrophone relative to the 
transducer rim was determined using a travelling microscope.
Decoupling
Capacitor
Signal
Generator
Pulse
Generator
Pre - Amp Oscil loscope
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Fig 3.2.1 Schematic diagram of experimental set-up.
3.3 EXPERIMENTAL PROCEDURE
The alignment of the acoustical axis of the transmitting transducer 
with respect to the mechanical axes of the test-tank was performed by 
an iterative process. The hydrophone was moved so that its tip was at 
the position of the centre of curvature of the transducer. The
orientation of the transducer was adjusted until a maximum signal was 
observed at the hydrophone output. The hydrophone was then moved along 
the axis so defined checking for symmetry in several planes. The
hydrophone-transducer system was successively readjusted until the
required alignment was achieved within +.0.5mm at the centre of 
curvature.
Tone bursts of typically 30 wavelengths in extent were used to
excite the transducer. Measurements of hydrophone output voltage were 
taken at discrete frequencies spanning the range 3.5 - 15 MHz. Axial 
measurements were taken in steps of 1mm and lateral distributions in 
the geometrical focal plane were obtained taking readings at 0.5mm 
intervals. The readings were based on the peak-to-peak steady state 
part of the received signal neglecting the transients at the start and 
the end of the pulse.
3.4 RESULTS AND ANALYSIS
The analysis of the experimental data was based on the theory of 
O'Neil, (1949), which has already been outlined in section 2.3., and 
in particular on the closed-form expressions for the pressure amplitude 
distributions on-axis and in the geometrical focal plane. The 
determination of the effective parameters followed a series of logical 
steps and will be presented accordingly.
3.4.1 THE LATERAL DISTRIBUTIONS IN THE GEOMETRICAL FOCAL PLANE
Hie excess pressure distribution in the vicinity of the focal plane 
perpendicular to the acoustic axis was given by equation (2.3) as
P = 2J^ (ka sin ©) (3.1)
ka sin 9
where k is the wavenumber, a is the radius of the transducer baffle and
© is the angle subtended by a point in the focal plane at the
transducer origin relative to the axis. Hie first zero, or node, in 
the distribution defined by equation 3.1, occurs when ka sin ©1 = 3.83 
so that an effective value for a, ae^ p  can be defined as:
aeffl = 0 *609^ <3 *2>
sin ©^
Similarly for the second node where ka sin © 2 = 7.02, aefj=2 0311 ^  
expressed as:
aeff2 = 1.117 ^  (3.3)
sin © 2
Values of aeff^ aeff2 were ca^cu -^ate^ ^rom positions of the
nodes in the experimentally determined distributions and it was found
that, within the estimated error (+10%) and for frequencies up to
10MHz, aef Q  = aeff2 = a* Por frequencies above 10MHz the values of
aeff end a0££ were different and significantly lower than a.
3.4.2 THE AXIAL DISTRIBUTION
According to O'Neil's theory, the position of maximum excess 
pressure, the true focus, does not lie, in general, at the geometrical 
radius of curvature of the focussed transducer. An approximate
expression for the position of the true focus, zmax was given by 
equation (2.1) as
zmax = A  - 12A (3.4)
(kh)2 + 12
where A is the radius of curvature and h is the depth of the shell. 
The approximation was shown by O'Neil to be valid for kh > 4. Based on 
the nominal geometrical radius of curvature and baffle radius the depth 
of the shell, h, was calculated, by the Theorem of Intersecting Chords, 
to be 0.2816mm which implied that expression 3,4 was expected to be 
valid for frequencies above 3.5MHz.
Hie pressure nodes in the axial distribution occur when the path 
difference, £, between the direct wave from the tranducer origin and a 
wave from the edge is an integral number of wavelengths. According to 
equation (2.3), the position of the ith node, z , corresponding to 
n = i is related to the geometrical parameters a and h by
- h)2 +  a 2  ] -  z t  = iX (3.5)
where i is an integer.
Fig. 3.4.1. shows the loci of the true focus zmax and those of 
the first two nodes on the transducer side of zmax, corresponding to 
i = 1 and i = 2 in equation (3.5), as a function of frequency. Hie 
individual points and error bars representing the experimental data and 
uncertainty in the measurements are compared with the theoretical
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.4.1 Comparison of experimental and theoretical positions of the 
true focus and the positions of the first two axial minima.
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curves on the same diagram. As can be seen, the position of the true 
focus was found to be closer to the transducer than predicted by the 
theory except at frequencies up to 5MHz. In a similar way, the 
positions of the nodes were found to be closer to the transducer but 
agreement with the theoretical curves was not achieved at any 
frequency.
3.4.3 THE 1 SEMI-EMPIRICAL1 OR ONE POINT METHOD
Based on the equality, = a e f f 2 = ar as described in section
3.4.1. an effective value for h, h^^, can be defined using equation
3.5, viz
n/[(zi - heff)2 + a2 3 - z2 = A (3.6)
A  value for h ^  was calculated from equation 3.6 using the 
position of the first node (i = 1) in the experimental distribution at 
one frequency (7MHz) and was subsequently used instead of h in
equations 3.4 and 3.5 to generate the loci of the true focus and the
first two axial nodes, as before. The value of h ^  was 0.37mm which 
was about 30% greater than the nominal geometrical value. A  comparison 
of these loci and the experimental data is shown in fig 3.4.2. As can
be seen, this 1 semi-empirical1 approach provided a much better fit
between theory and experiment over the whole frequency range from 3.5
to 15MHz. The fit was not the best from the statistical point of view
as a least-squares method, which was very complicated, was not applied. 
This simple approach was seen to be inconsist ant, in that, although it 
predicted the positions of the nodes very well, to within +lmm at most 
frequencies, it underestimated the position of the true focus by up to 
10mm at 9MHz.
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Fig 3.4.2 The positions of the true focus and the first two axial minima 
compared with the theoretical loci derived from the *One-Point* method.
In the extreme case, it was proposed (Adach, 1982) that a single 
measurement, the experimental determination of the position of the 1st 
node (or last axial minimum), in the axial pressure distribution of a 
focussed transducer, at any one frequency, was sufficent to provide a 
good first approximation to the description of the chief features of 
the axial pressure distributions over an extensive frequency range.
3.4.4 THE 1 EXACT1 OR TWO POINT METHOD
Hie fit between theory and experiment, however, was not perfect as 
was seen when complete axial field distributions were generated using 
O'Neil's expression, equation 2.2, and compared with the experimental 
data. A second approach to the problem was presented under the 'exact 
method*. Hie position of the first two nodes (i = l,i = 2) were used 
in equation 3.5 and effective values for both a and h, a ^ ^  and he£^, 
were defined viz:
for the first node (i = 1),
( A J[(zl “ heff)2 + aeff ^  "" zi - ^
similarly for the second node (i = 2),A
Solving these two simultaneous equations for a ^ ^  and hef^,
(3.7)
and
aeff = >/[2 z2 ( X + hgff) + ^  — ^eff^ ] (3.8)
Using the geometrical relations for a sphere, an effective radius of 
curvature was defined as
Aeff = aeff2 + heff2 (3,9)
2h „  
eff
Hie values of aeff, he^^ and & e f £  were calculated from the above 
equations and plotted against frequency as shown in 
figs. 3.4.3. (a), (b) and (c). Hie error bars were generated on the 
basis of the uncertainty in the determination of the positions of the 
nodes from the experimental distributions.
It was found that the values of a ^ ^  differed from a by up to 15% 
which was consistent with the results of section 3.4.1 within 
experimental error. Hie values of h ^ ^  were seen to differ by up to 
50% which implied that h ^ ^  was far more sensitive to changes in 
frequency than aeff. Hie resulting values of & e f £  differed from the 
nominal value by 10% and 30%. Hieoretical axial amplitude 
distributions based on these values of a ^  and h ^  were generated, 
as before, and compared with experimental data. Hie expected 
improvement in the fit between theory and experiment was substantiated.
Fig 3.4.4 shows how well the position of the true focus compared 
with the position predicted by equation (3.4), using h ^ ^  and Ae^^ 
instead of h and A respectively. Hie agreement was seen to be 
excellent at all frequencies except 11MHz and 14MHz. Hie error bars on 
the theoretical curve arose from the errors in ae^  and h ^ ^  which in 
turn were due to the uncertainty in the location of the minima in the
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Fig 3 .4 .4  Comparison of the position of the true focus and the position 
of the theoretical focus derived from the *Two-Point* method.
experimentally determined field distributions. This illustrated the 
sensitivity of equations (3.4) and (3.9) to variations in the values of 
aeff 311 ^eff appeared to be the real limiting factor in the
calculation of the position of the true focus.
3.5 CONCLUSION AND SUGGESTIONS FOR FURTHER WORK
Two methods of analysis were presented, the semi-empirical and 
exact methods, which provided 1st and 2nd approximations to the 
calculation of the excess pressure distributions from a focussed 
transducer over an extensive frequency range. O'Neil's theory was 
shown to be valid over a wide frequency range when effective parameters 
were used.
The experiments were performed on a single transducer and so it was 
impossible to say whether the effective geometrical parameters differed 
from their nominal values, as a function of frequency, in the general 
case. It was suggested that more accurate measurements should be made 
on at least one, and preferably, several other focussed transducers to 
verify the analytical methods described in a wider context, and that 
this was a prerequisite for the systematic investigation of the 
defocussing effects of inhomogeneous media.
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CHAPTER 4
A PRELIMINARY EXPERIMENTAL INVESTIGATION
4.1 INTRODUCTION
The work described in the previous chapter provided the basis for 
further investigations into the acoustic field generated by a focussed 
transducer. The first objective was to check the validity of the 
analysis, described in Section 3.4, for the case of another similar 
transducer. The basic apparatus of Section 3.1 was replaced by a 
microprocessor-based beam profiling system in order to minimise human 
errors and to facilitate the rapid collection of data. It was possible 
to align the measurement axes with the acoustic axis of the transducer 
to a greater precision than before by obtaining lateral amplitude 
distributions in several planes. Axial amplitude distributions were 
obtained for a focussed transducer (serial no. 41033, also from IMS 
Ltd) having the same nominal geometrical specifications as the one 
described in the previous chapter, namely a radius of curvature of 
100mm and a baffle radius of 7.5mm, differing only in its nominal 
resonant frequency which in this case was 1MHz. The hydrophone was the 
same as that used for the work described in the previous chapter. The 
measurements were taken at a series of discrete frequencies in the 
range of 1.5 - 9MHz. The experimental apparatus and methodology will 
be described in Sections 4.2 and 4.3 followed by a discussion of the 
results and analysis, based on the techniques of the previous chapter, 
in Section 4.4.
4.2 EXPERIMENTAL APPARATUS
The microprocesor based automatic beam profiling system was built 
around the Motorola 6809 CPU and is shown schematically in fig 4.2.1. 
The transducer under test was excited with gated sine-wave tonebursts 
from a Wavetek (model 162) Function Generator triggered by a Thandar 
(model TG105) Pulse Generator. The hydrophone was manoeuvred inside 
the test-tank via two orthogonal stepping motors. The output from the 
hydrophone was amplified using a purpose-built FET pre-amplifier and a 
Metrotek (model MR101) Receiver and sampled using a boxcar system. The 
digitized signal was subsequently processed to extract the desired 
amplitude information. The various individual components of the 
complete system will now be described separately in more detail.
4.2.1 THE ULTRASONIC TEST TANK
The computer-controlled ultrasonic test-tank has been previously 
described fully elsewhere (Filmore et al, 1980). The water-bath was 
made of clear 'perspex' and was 610mm long by 375mm wide allowing a 
water depth of up to 240mm. The x-stepping motor and screw thread were 
mounted across the width of one end of the bath. A threaded block was 
moved along the screw thread as the latter was driven directly by the 
stepping motor. The block had a pointer attached to it which in 
conjunction with a steel ruler mounted across the end of the bath gave 
a coarse position measurement. This measurement together with the 
angle given by the stepping motor pointer provided an accurate 
determination of position. The screw thread had a pitch of 1.5mm and 
when the stepping motor was driven by the controller it moved in 1.8 
steps producing the smallest achievable positional change of the block 
along the x-axis of 7.5pm. To protect the x-stepping motor from 
driving the block into the thread support, a micro-switch was mounted
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FIG 4.2.1 EXPERIMENTAL SET-UP
near each end of the thread which inhibited the stepping motor 
controller from moving the motor when the block touched the switch,
The second stepping motor was mounted i: on a plate with a scale 
and pointer and coupled to another 1.5mm pitch screw thread for 
movements along the z-axis. For this purpose the screw thread was 
bolted onto the x-stepping motor block at one end, while the other end 
was supported via a roller bearing on a platform mounted at the far end 
of the bath. The transmitting transducer was screwed into a 
purpose-built mount {Bristow et al, 1980) which was clamped to the tank 
wall. The mount allowed fine adjustment of the acoustic axis of the 
transducer, via three screws, from outside the tank. Hydrophones were 
clanped into a * perspex* rod holder which was supported by the 
z-movement block for beam plotting.
>4.2.2 THE MICROPROCESSOR ELECTRONICS
The purpose-built electronics developed by P.R. Filmore, 
(Filmore ,1980), which interfaced with the microprocessor were built 
into a Eurocard racking system. These included digital-to-analogue 
converters (DAC*s) and a slow analogue to digital converter (ADC). 
Machine code routines which had been written by Dr R.A. Bacon and which 
resided in the BASIC and PASCAL libraries of the microprocessor system 
greatly simplified the use of the DAC*s and ADC*s. The two DAC*s were 
fast 12-bit digital-to-analogue current converters type AD565(JD) made 
by Analogue Devices. They had a quoted settling time to 1/2 LSB of one 
microsecond when driving a voltage output AD509 operational amplifier. 
The circuit had been wired for a £  5V bi-polar voltage output. The 
DAC*s converted without the need for control signals, immediately the 
binary digital input changed. The slow ADC was a 12-bit successive 
approximation analogue-to-digital converter, type AD-ADC80, made by
Analogue Devices. It had a maximum conversion time of 25ps using its 
own internal clock, a maximum linearity error of ±  0.012%, and a 
maximum gain transfer characteristic error of 30ppm/°C. The ADC had 
been wired up to take an input of +10V (10K ).
4.2.3 THE BOXCAR SYSTEM
The boxcar system consisted of a Brookdeal (model 9425) Scan Delay 
Generator coupled to a Brookdeal (model 9415) Linear Gate. The Pulse 
Generator was used to synchronise the boxcar with the toneburst
generation by the Function Generator. The TTL output from the Pulse
Generator was used to trigger the Scan Delay Generator which produced a 
+1V square reference pulse, which was used to control the Linear Gate. 
The reference pulse had a fixed width which was set by the Output Pulse 
Width Control and was delayed from the trigger pulse by a fixed time
set by the Initial Delay switch. The pulse delay could be increased,
by the application of an external control voltage, up to a maximum 
value determined by the setting of the Timebase switch. A  timing 
diagram showing the output waveforms from the Pulse Generator, Function 
Generator, hydrophone and Scan Delay Generator is shown in fig 4.2.2.
The external voltage used to control the delay of the reference 
pulse was required to be in the range 0 to IV. CV corresponded to the 
Initial Delay of the pulse and +1V to the maximum delay as selected 
with the Timebase switch. The DAC had an analogue dc output of 
-5V to +5V corresponding to a numerical input (via the microprocessor) 
of -2047 to +2048. In order to utilise as full a range of these 
numbers as possible a simple level shifter circuit was built and used 
as an in-line module between the DAC and the Boxcar. A  calibration 
graph of the DAC output voltage via the level shifter against numerical 
input from the ADC is shown in fig 4.2.3. It can be seen that the
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FIG 4 .2 .2  TIMING DIAGRAM ILLUSTRATING BOXCAR OPERATION.
useful numerical range for the boxcar was -1900 to +1300.
The output from the Linear Gate was proportional to the average
amplitude of the signal within the gate and depended on the effective 
time-constant and capacitor leakage during the time the gate was off. 
The effective time-constant was given by the product of the actual 
time-constant of the sample-and-hold circuit (lps) and the duty factor 
of the reference pulse. The usual pulse width used was 10ns and so a 
typical repetition period of 200ps implied an effective time constant 
of ~20ms which ensured that any spurious noise signals were filtered 
out. The maximum allowable peak-to-peak input voltage was +1V and so 
in order to be able to exploit the whole of the available dynamic range 
in the digitization of the hydrophone output signal the latter was 
first boosted by a purpose built FET pre-amplifier and subsequently 
amplified by a Metrotek (model MR101) Receiver. The latter had a built 
in attenuator which was used to ensure that the maximum input to the
boxcar, for a given experiment, was +1V.
4.3 EXPERIMENTAL PROCEDURE
The main bulk of the experimental work consisted of obtaining axial 
and lateral pressure amplitude distributions. It was initially 
intended to measure the axial distributions only, as in previous work, 
but it was later decided that lateral beam plots would be an invaluable 
aid in the alignment of the acoustic axis. The experimental 
methodology will be described followed by a description of the 
microprocessor control programs and hydrophone output signal 
digitization and processing. The first stage of the experimental 
investigation was the alignment of the acoustic axis of the transducer.
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4.3.1 ALIGNMENT OF THE ACOUSTIC AXIS
The alignment of the acoustic axis of the transducer with the 
geometrical axes of the measurement system is the most crucial part in 
the measurement of ultrasonic pressure distributions. With a plane 
disk transducer alignment is fairly straightforward involving 
maximising the reflected signal from the far wall of the tank. This 
technique was attempted for the focussed transducer but no reflections 
from the back wall could be detected because the ultrasonic beam 
diverges more in the far-field than for the case of a planar 
transducer. A larger input signal was applied with pulse-echo system 
consisting of a Metrotek (model MP203) Pulser, (model MP203) Pulser and 
(model MD702) Detector. The Pulser provided a -200V spike, a signal 
which was large enough for a reflection to be detected and maximised. 
There was, however, some slight uncertainty in the transducer position 
at which the echo was the strongest.
The next step was to position the hydrophone tip on the acoustic 
axis of the transducer. The hydrophone was mounted so that its axis 
was horizontal and so that it could be rotated about its tip. It was 
positioned in the far field approximately on the geometrical axis of 
the transducer and was moved iteratively along the three geometrical 
axes and rotated about its tip until a maximum signal was recorded. An 
automatic experiment was then performed during which lateral 
distributions perpendicular to the acoustic axis were obtained spanning 
both the near field and the far field. The distributions were plotted 
and checked to see if they were symmetrical especially in the far 
field. If indeed they were symmetrical to within ±  7 , 5 p m ,  the lateral 
distributions were accepted as 'good1 and the acoustic axis was 
considered aligned so that an axial distribution could then be obtained 
with confidence. If the distributions were not symmetrical, the
alignment procedure was repeated until they were. The alignment was 
checked by taking lateral distributions at each frequency before the 
axial distribution was measured.
4.3.2 MEASUREMENT METHODOLOGY UNDER MICROPROCESSOR CONTROL
Having defined the acoustic axis of the transducer, this axis was 
defined as the z-axis of the measurement of the system and the lateral 
plots were obtained along the x-axis. The origin was defined by 
touching the hydrophone tip at the centre of the transducer. The 
z-motor was then stepped a set number of times to a start position were 
there was no interference with the hydrophone output signal arising 
from electrical coupling with the transducer through the intervening 
water. Although the water was distilled, it remained distilled for a 
very short time before gases dissolved in it, causing ionization. The 
start position was noted in terms of number of z-steps from the origin 
before a beam plotting experiment was started.
A PASCAL program BEAMPLOT was used to control the x and z-stepping 
motors, DAC and ADC to perform a totally automatic lateral profile 
measurement experiment. A flow diagram for the program BEAMPLOT is 
shown in fig 4.3.1. The movement of the hydrophone during the 
experiment is illustrated in fig 4.3.2. The number of steps and step 
lengths along the x and z-axis were read into variables XN,XS and ZN,ZS 
at the start of the program.
The position of the Boxcar sampling gate was controlled by the DAC 
outpnit determined by the values of the parameters BZ,BC,BT which were 
read in at the start. These were chosen according to the required 
sampling rate, Boxcar time base setting and useful numerical range of 
the DAC such that
C start )
r INPUT: M.BZ.JX.XN.XS.ZN.ZS.BT.BC 7
INITIALISE BOXCAR 
STEP X-MOTOR (XW) STEPS 
BACKLASH X-MOTOR
SET I =1
SET K =1
SET KT=0 
J=1
D AO O /P  VOLTAGE CORRESPONDING TO ( B T+KT), 
ADC-TAKE 1 DATAPOINT AND STORE IN A (J), 
K T=K T+B Z , DELAY (M), J = J+1
YES
IS JSJX
STEP X-MOTOR XS STEPS
FIND MAXIMUM AND MINIMUM VALUES OF A ( j)  AND STORE IN AH AND A L , 
SET B(k)= AH-AL , K = K +1
YES
IS K<XN
f WRITE ARRAY B(K) TO FILE j
RETURN X-MOTOR TO ORIGIN , DELAY(m ) , BACKLASH X-MOTOR , 
STEP Z-MOTOR, BT-BT+BC , 1 = 1+1
RETURN BOXCAR TO START 
RETURN Z-MOTOR TO START
4.3.1 PROGRAM 'BEAMPLOT' (  '*rop )
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Timebase > ZN x ZS x 7.5 x 10”^
c
where c was the speed of sound and remembering that one step of the 
motor corresponded to a distance of 7.5pm,
The signal sampling time interval, At, was given by
A t  = Timebase x BZ
Effective DAC Range
where
Effective DAC Range = NMAX - BT
and NMAX was the DAC number corresponding to a DAC output of IV. BT 
was the DAC number which corresponded to a voltage slightly greater 
than zero, required to initialize the Boxcar to the Initial Delay 
setting described in section 4.2.3. Finally:
BC = ZS x 7.5 x 10-6 x BZ 
c x t
It can be seen that there was a compromise necessary between the 
maximum z-range that could be used for measurements and the sampling 
interval, t, which had to satisfy the sampling criterion. 
BZ was taken as 1 and BT as -1700. In practice, the best value for BC 
was found using a calibration program. Fig 4.3.3 illustrates the 
sampling mechanism with reference to the received signals at two 
positions on the z-axis. The program used a delay procedure of 
M x 10ms in between successive samples and M = 1 was usually used.
A similar program called FLDPLOTZ was written to control the 
z-stepping motor, DAC and ADC for the automatic measurement of axial
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amplitude distributions, A flow diagram is shown in fig 4.3.4 and it 
can be seen that its operation was the same as BEAMPLOT except, of 
course, that there was no movement of the hydrophone in the 
x - z plane.
4.3.3 SIGNAL PROCESSING
The transducer was excited with tone-bursts which were typically 
50ps in extent having a pulse repetition period of 200ps and 200 data 
points per pulse were taken. The Timebase was set to 100ps and the 
Gate Width was 10ns. The exact form of the hydrophone output signal 
varied from point to point in the field, the greatest variation 
occuring at the start and end of the signal. Despite transient effects 
at the edges, there was always a steady state region in the central 
part of the signal and it was this region which was used in the 
subsequent measurements. At each measurement position JX samples were 
taken (corresponding to the DAC range BT to BT + (JX x BZ) ) at 
intervals of BZ. TVo techniques were adopted to extract the average 
value of the peak-to-peak voltage. The first was to do this directly 
and the second was based on the fact that the amplitudes of the 
individual cycles were approximately equal. The direct approach 
involved a routine which ran through the digitized burst searching for 
the positve and negative peaks using a five point definition of a peak. 
The average peak-to-peak value was then obtained from the difference 
between the average positive and negative peak values. The second 
method involved a routine which searched for the maximum positive and 
minimum negative values in the digitized signal and finding the 
difference between them. The first method required a much higher 
sampling rate and more data points than the second before any 
significant difference could be detected. In addition the searching
^  START ^
READ M,BZ,JX,ZN,ZS, 
BT.BC.S.SM
YES
v  NO
WRITE ARRAY B(l) TO FILE
FIG 4.3.4 PROGRAM *FLDPLOTZ
STOP
SET KT-0
RETURN Z - MOTOR 
RETURN BOXCAR
STEP Z MOTOR ZS TIMES 
DELAY(M)
INITIALISE BOXCAR 
DELAY(M)
SET 1=1
DAC OUTPUT VOLTAGE CORRESPONDING TO (BT+KT) 
ADC TAKE 1 POINT, STORE IN A(J) 
KT-KT+BZ, DELAY(M)
FIND MAXIMUM AND MINIMUM VALUES OF A(J) 
AND STORE IN AH AND AL 
B(l)=< AH-AL 
BT = BT + BC
routine for the former required a lot more computer time than the 
latter and so was considered unsuitable for use in the control programs 
in between measurements at successive hydrophone positions,
4.4 RESULTS AND ANALYSIS
4.4.1 AXIAL AND LATERAL DISTRIBUTIONS
Axial and lateral amplitude distributions were obtained, in the 
field of the 1MHz spherically focussed transducer, at frequencies of 
1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 6.5, 7, 7.5, 8 and 9.5 MHz. The
hydrophone output signal-to-noise ratio was very low at 2.5, 4.5, 
and 8.5 MHz and so measurements could not be taken at these 
frequencies. For the lateral distributions, 9 lines of data were taken 
at intervals of 1.5cm (2000 steps) starting from 1.5cm away from the
transducer origin. 31 measurements were taken along each line in steps 
of 0.375mm (50 steps). A typical example is shown in fig. 4.4.1 for 
the case of 5MHz. The alignment of the transducer was checked by 
looking at the far field lateral scans. If the axis of the measurement 
system coincided with the locus of amplitude maxima in the far field, 
the transducer was considered to be aligned and an axial scan was 
performed. 350 measurements were taken in steps of 0.375mm, starting 
from 1.5cm away from the transducer. Fig. 4.4.2 shows a summary of the 
chief features of the axial distributions, namely, the positions of the 
true focus and the first two nodes on the transducer side of the true 
focus plotted against frequency. The theoretical loci of the nodes 
were calculated using equation 3.5.
Now, according to O'Neil, an approximate locus of the postion of 
the true focus is given by equation 3.4 and is valid for kh > 4 where h 
is the depth of the shell and k is the wavenumber. In the present case
-7 .5  0 7.5
LATERAL DISTANCE (mm)
FIG 4.4.1 A typical set of lateral scans at 5MHz.
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a baffle diameter of 15mm, the depth h was calculated to be 0.2816mm 
and so it was expected that equation 3.4 would hold for frequencies 
> 3.5MHz. It was decided to check the validity of the expression by 
generating axial distributions at discrete frequencies with the range 
0.5 - 10MHz. An iterative technique was used to search for the 
position of maximum amplitude at each frequency using a computer. The 
resulting locus is shown in fig. 4.4.3 compared with the curve 
generated by equation 3.4. It can be seen that the two curves do not 
agree in general but the difference between them decreases with 
increasing frequency. The theoretical locus of the true focus shown in 
fig. 4.4.2 was obtained by the iterative method.
It can be seen that there is some agreement between theory and 
experiment for the position of the true focus but in the case of the 
nodes, there is no agreement at any frequency. It was difficult to 
visualise a smooth curve passing through either set of points so the 
"one point" method of analysis of Section 3.4.3 could not be applied.
4.4.2 EFFECTIVE PARAMETERS USING THE "IWO POINT" METHOD
Effective values for the depth of the shell, h ^ ^  and the radius of 
the baffle, aef£ were calculated using the positions of the first two 
nodes on the transducer side of the true focus according to the two 
point method of section 3.4-.4 and are shown together with the resulting 
effective centre of curvature, A^^, in fig. 4.4.4 plotted against 
frequency. No effective parameters could be generated using this 
method at frequencies of 1.5, 2, and 2.5MHz as only the first node 
could be located. It was not possible to find the position of the 
second node as it was too close to the transducer for the length of the 
toneburst used. At 3.5MHz, the effective parameters turned out to be 
imaginary while at 6.5MHz the positions of the nodes were ambiguous,
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FIG 4.4.4 Variation of effective parameters with frequency. 
The dashed lines represent nominal values.
and at 9.5MHz, no nodes could be defined.
Effective parameters were calculated successfully at frequencies of 
3, 4, 5, 5.5, 6, 7, 7.5 and 8MHz. Values of ag^^ and were either 
equal to or lower than the corresponding nominal values. The maximum 
discrepancy for h0ff was 45% at 3MHz while the typical difference for 
aeff was aroun(  ^15%. The relatively small errors in a0^^ and he^^ led 
to relatively large errors in Ae f f  Axial field distributions were 
generated using equation (2.2) based on these effective parameters and 
these are shown compared with the experimental data in 
figs. 4.4.5(a)-(b). It can be seen that whereas the fit was quite good 
in the region surrounding the first two nodes, this was not always the 
case in the far field. The best agreement for this region was obtained 
at 3, 6 and 7.5MHz. The position of the true focus was predicted 
accurately at all frequencies except 4, 5 and 7MHz. At 4MHz, the true 
focus was not well defined experimentally due to an abnormally noisy 
signal. At the two other frequencies of 5 and 7MHz, the predicted true 
focus was about 20mm closer to the transducer than the measured value.
4.5 CONCLUSION
The primary objective of this batch of experiments was to determine 
whether the analysis described in Chapter 3 for one focussed transducer 
would be valid in the case of another similar transducer. The results 
obtained were similar in various respects. As in the previous case, 
theoretical distributions based on nominal geometrical parameters of 
the transducer provided poor agreement with experimental measurements. 
The position of the true focus was closer to the transducer origin than 
predicted.
The positions of the first two nodes on the transducer side of the 
true focus were also closer than the predicted loci and showed a
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FIG 4.4.5(a) : Axial amplitude distributions at 3.0 and 4.0 MHz.
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true focus were also closer than the predicted loci and showed a 
considerable variation with frequency. For this reason, it was not 
possible to employ the 'one point' method of section 3.4.3 to calculate 
an effective value for the depth of the shell, h, which would be 
appropriate at all frequencies. Effective parameters calculated by the 
'two point' method of section 3.4.4, using the positions of the first 
two nodes in the axial distributions, showed considerable deviation 
from the nominal values. Theoretical axial distributions based on 
these effective parameters provided a much better fit to the 
experimental data. The region over which the improved fit was obtained 
was limited in general to the extent between the second node on the 
transducer side of the true focus and the true focus itself . This 
compared with the results of section 3.4.4, however in the latter case 
a much smaller axial range was examined . With the microprocessor 
based system it was possible to collect large amounts of data fairly 
quickly so that measurements were also taken in the far field, beyond 
the true focus, whereas the measurements discussed in Chapter 3 stopped 
just after the true focus. Although the results for the two 
transducers were very similar up to this point, the extended 
measurement range of the second transducer provided a more critical 
test for the validity of the use of the effective parameters. It was 
found that although a good fit existed in the far field, in addition to 
that in the vicinity of the nodes, at two frequencies the agreement was 
poor.
It was also found that at two frequencies, corresponding to the 
fifth and seventh harmonics of the transducer, the shape of the axial 
distributions, especially in the region of the true focus, was somewhat 
anomalous. The theoretical distribution based on the effective 
parameters predicted the position of the true focus to be approximately
20mm closer to the transducer origin. The possibility of non-linear 
effects had been heretofore ignored but the presence of these anomalous 
results warranted an investigation into the subject.
It was noted that, in general, the amplitudes of the minima in the 
axial distributions did not go down to zero as predicted by the theory. 
It was proposed that the most likely reason for this was that the 
expression used to calculate the axial distributions was only valid for 
a point receiver. If a finite receiver was used, then the measured 
amplitude, manifested as the hydrophone output voltage, would be the 
spatial average of the amplitude and phase fluctuations over the front 
face of the receiver and this was unlikely to be zero. At the time of 
this work, the author was not aware of any publications concerned with 
the off-axis distributions of focussed transducers. Whereas O'Neil 
derived a solution for the pressure amplitude at any arbitrary point in 
the field of a focussed transducer, this took the form of a double 
integral which could only be solved in closed-form on-axis. In 
general, however, some form of numerical integration would have to be 
employed. For these reasons, it was decided to write a computer 
program to generate lateral phase and amplitude distributions.
CHAPTER 5
NUMERICAL ANALYSIS
CHAPTER 5
NUMERICAL ANALYSIS
5.1 INTRODUCTION
A computer program called AXIS was written in FORTRAN to calculate 
the axial field distribution from a focussed transducer as seen by a 
point receiver and by a finite 1mm diameter circular piston receiver. 
The receiver was assumed to be equally sensitive to the amplitude and 
phase of the incident ultrasonic waves, over its entire active area.
Ctoing to the circular symmetry of the problem, it was sufficient to 
calculate the real and imaginary parts of the complex pressure along a 
radius of a cylinder centred on the axis of symmetry at a given 
distance from the origin. These values were calculated at equally 
spaced intervals spanning the radius of the receiver which was divided 
into concentric annuli.... The complex pressure was assumed to be 
constant over the area of a particular annul us and was integrated 
numerically over the whole area of the receiver to give the average 
values of the real and imaginary components. These coefficients 
calculated for the point receiver case and the average values for the 
finite receiver were converted to give the relative pressure amplitude 
and phase at a given field location.
The computations were based on the theory derived by O'Neil (1949) 
which was described in Chapter 2 and which will be outlined again in 
the present chapter along with certain simplifying modifications. 
Several such distributions were generated using AXIS at various
frequencies for the case of a point receiver and compared with the 
distributions generated using the closed-form solution. The agreement 
was excellent which meant that the various limits on the accuracy of 
the numerical integrations inherent in the program were acceptable.
Although the program AXIS could be used to compute the field 
distribution off-axis, for the point receiver case, the computational 
model used for the finite receiver was inadequate, as for these 
positions circular symmetry does not exist. The receiver was split up 
into annular segments formed by the overlap of a circle describing the 
receiver boundary and a series of concentric circles of steadily 
increasing radii centred on the axis. As the receiver is moved away 
from the axis, the overlapping circles form flatter and flatter 
segments of area on the receiver face until at infinity the segments 
are enclosed by parallel lines perpendicular to the axis.
A subroutine AREAS was created to calculate the areas of these 
segments for every position of the receiver. The subroutine was tested 
by adding up all segmental areas for each position and compared with 
the area of the receiver. The agreement was excellent everywhere 
except close to the axis where slight discrepancies were found largely 
as a result of the limitations in the computer's ability to subtract 
large numbers to the desired accuracy. The subroutine AREAS was 
incorporated into AXIS to produce FIELD which was then tested by 
generating axial distributions and comparing them with those generated 
by AXIS. The agreement between the finite receiver results of the two 
programs was very good, which as the two programs had different 
numerical models for the receiver, inspired confidence in the new 
system.
The effect of the finite receiver on the measured pressure 
amplitude and phase distributions was investigated by generating axial
and lateral distributions over a range of frequencies and comparing 
them with the results for a point receiver.
Unfortunately there were numerical problems associated with the 
computer which imposed a frequency limit on the calculations which 
provided little scope for comparison between the theory based on the 
finite receiver and the experimental results of the previous chapter. 
Comparison was made, however, at some frequencies and the quality of 
fit was found to be affected by the new finite receiver model.
The evolution of the program FIELD will be described in 
Sections 5.3 and 5.4. Starting from a detailed look at some aspects of 
O'Neils theory in Section 5.2. Some numerical results and their 
implications will be discussed in Section 5.5 followed by a revised 
comparison between experimental results of the previous chapter and the 
theory based on the finite receiver in section 5.6.
5.2 THEORETICAL BASIS
The calculations of the amplitude and phase of the ultrasonic 
pressure from a spherically focussed radiator were based on the theory 
derived by O'Neil (1949). Under certain conditions, outlined in 
Chapter 2, if the normal velocity, u, of a slightly curved radiating 
surface is represented by
u = uq exp(iwt)
where uQ > 0 ,  the resulting velocity potential, ?, in a restricted 
region can be represented approximately by
where k is the wavenumber and s is the distance from a source point Q, 
in the surface element dS to the field point Q at which I is to be 
evaluated. Hie geometry of the problem is shown in fig 5.2.1.
The complex acoustic pressure, P, is represented by
P = c£P = iw£F =ikc£3? 
dt
where £ is the density of the medium and c is the speed of sound in the 
medium. The equations are expressed in terms of spherical coordinates 
(R, 0, (f>) and cylindrical coordinates (z, x, 0) such that
z = R cos© ; x = R sin©
and as shown above, the origin lies at the central point of the
radiating surface. The coordinates with subscript 1 denote points on 
the radiator surface S and satisfy the equations of the spherical 
surface
(A - z^)2 + x^2 = A2
R12 = z12 + x12 = 2Az1 = 2AR1 cosQ^
R^ = 2A cos©^ (5.2)
The area of a curved surface element on S, dS, is given by
dS = Rj, dRj d(f)^ (5.3)
The distance, s, from a point, Q^z^, x^, 0^), in this element to an
arbitary field point, Q (z, x, 0) is given by
O O
s = /[(z - z^) + (x cos0 - x1 cos^) + (x sin0 - x^ sin^) ]
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= /[R2 - 2zz^ - 2xx^ c o s ^  - 4)) + Rj2]
= /[R2 - 2xx^ c o s ^  -(f)) + (1 - z/A) R^2 ] (5.4)
Now in the integration of the velocity potential at Q , Q is fixed so <|) 
is constant. For the sake of simplicity we let (j) = 0, so equation 
(5.4-) becomes
s = J [ R2 - 2xx1 cosCf^ + qRj2]
where q = (1 - z/A) (5.5)
From equations (5.2) we have
X1 = R1 s -^n0i 
and R^ = 2A cos©^
Eliminating R^ we obtain an expression for x^f viz 
x, = 2A cos0i sin6^ = A sin201 
which leads to a modification of equation (5.5) for s
s = /[R2 - 2Ax sirtf©^ COS02 + qR^2] (5*6)
Now we already have from equations 5.2 and 5.3 that 
dS = dR1 d ^  
and R1 = 2A cosQ-j^  ; R ± 2  = 2A2 (1 + cos2©1)
hence dR1 = -2A sinOj d©1
R1<3R1 = -4A2 2cos©1 sin©1 = -A2 sin2eL d2©1 (5.7)
Taking equation (5.1) we have for the velocity potential,
¥  = u 
2 t t
2  b
exp(-iks) R, dR, dta 
s
which after substitution for R^ dR^ yields
20
¥  = -A2u
T n
max
exp(-iks) sin26^ d20^ d(f)^
0 26 .m m
For computational purposes, we rename some of the parameters 
Let THETA1 = 2©1
PHII =
RR1 = R12 
RR = R2 
AX = A x 
AA = A2
Equation 5.6 can thus be rewritten
(5,
and
s = /[RR - 2AX sinTHETAL cosPHIl + q RR1] 
RRl = 2AA (1 + cosTHETAl)
The complete expression for the complex pressure is
P = ike ¥
PHIMAX THEMAX
= -iuAkcp 
2 TT
1 (cosks 
s
- isinks) sinTHETAl dTHETAL dPHIl
PHIMIN THEMIN
PHIMAX THEMAX
= - UA keg 
2 7T
1 (icosks + sinks) sinTHETAl dTHETAl dPHIl 
s
PHIMIN THEMIN
= COlNST
PHIMAX THEMAX
(iFl + F2) dTHETAl dPHIl 
PHIMIN THEMIN
(5.9)
where FI = 1_ cosks sinTHETAl 
s
F2 = 1 sinks sinTHETAl 
s
(5.10)
and the limits of integration are
PHIMIN = 0 
PHIMAX = 2tt 
THEMIN = TT
THEMAX = 2 tan"1 (a/h) (5.11)
The double integral equation (5.1.8) can be further split into real and 
imaginary parts viz
PI = Const
P2 = Const
FI dTHETAl dPHIl
F2 dTHETAl dPHIl (5.12)
such that P = P2 + i Pi .
The amplitude and phase of the pressure are given by
Amplitude = >/[Pl^  + P2^ ]
Phase = tan""1 (P1/P2) (5.13)
If only the relative pressure is required the constant term in 
equation 5.12 can be dropped.
5.3 THE COMPUTER PROGRAM 'AXIS'
The FORTRAN program AXIS allowed both axial and lateral 
distributions of the amplitude and phase of the ultrasonic pressure, 
produced by a focussed transducer of any dimension, to be generated, 
for any desired frequency and velocity of propagation. The parameters 
ZMIN, ZMAX, ZSTEP, XMIN, XMAX, XSTEP, VEL, FR, AEFF and HEFF had to be 
specified in a data file whose name was declared along with the RON 
command and which was read by the main program at the start. VEL and 
FR were the velocity and frequency of the ultrasonic waves in the 
medium, AEFF and HEFF were the geometrical or effective values of the 
radius of the circular baffle around the transducer and the depth of 
the shell. The remaining parameters referred to the spacing of the 
points in the field at which the pressure is to be computed as shown in 
fig 5.3.1. Taking this as an example, 6 lateral distributions would be 
calculated in planes spaced at ZSTEP starting at ZMIN and ending at 
ZMAX on the z-axis. The pressures would be evaluated at XSTEP 
intervals starting at XMIN (=0) and ending at XMAX on the x-axis.
An axial distribution could be obtained by setting XMIN = XMAX = 0 
and XSTEP = 0 because XSTEP was subsequently used as a divisor.
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5.3.1 NUMERICAL INTEGRATION
Hie integrals were evaluated using the NAG Library subroutine 
D01DAF. Hie subroutine was used to evaluate each integral to a 
specified absolute accuracy by the method of the optimum addition of 
points to Gauss quadrature formulae. Hie subroutine D01DAF was the 
only available package for the evaluation of double integrals and was 
not entirely suited to the present problem especially at higher 
frequencies when it frequently failed to converge. When this happened, 
however, it was still possible to obtain an answer by requesting a 
lower accuracy and/or by splitting up the double integral into a set of 
smaller integrals which could be done by modifying the limits of the 
inner integrals. Hie problem was to find a compromise between running 
time (number of sub-integrals) and accuracy which would allow for a 
successful set of computations over the whole of the desired axial or 
lateral range. Hiere seemed to be no obvious correlation between the 
frequency/position in the field and the requested number of 
integrals/accuracy which would ensure a successful evaluation. As a 
result, it was left to trial and error. Hie results of the 
integrations of FI and F2 were stored in two two-dimensional arrays Pi 
and P2 which contained the imaginary and real points of the complex 
pressure, respectively.
5.3.2 THE RECEIVER MODEL
As previously mentioned in the introduction to the present chapter, 
the program AXIS was used to compare the pressure amplitude and phase 
distributions as seen by a point receiver to the corresponding 
distributions seen by a finite 1mm hydrophone receiver. Hie receiver 
was assumed to be equally sensitive, to both pressure amplitude and 
phase, over its entire circular area. Hie receiver was represented by
a 1mm diameter circlular disk which was subdivided into 11 annular 
segments bounded by a series of concentric circles centred on the 
receiver and thus, on the transducer axis as shown in fig. 5.3.2.
Hie real and imaginary parts of the complex pressure were 
calculated at 11 positions on the x-axis for each position on the 
z-axis. Hie values of XMIN, XMAX and XSTEP (expressed in metres) were 
as follows:
It was assumed that the coefficients Plj and P2j were constant over
XMIN = 0.0
XMAX = 0.0005
XSTEP = 0.00005
i.U
the j annular segment. Hie average pressure on the receiver at a 
given point on the z-axis was given by
.2
where r = XMAX - XMIN
and for j = 1: r1 = XSTEP 
1
rn = XSTEP ; 
1 — 2
z < j < 10: tj ss (j - 1) x XSTEP Tj = XSTEP ?
j =11: ru  = 10 x XSTEP ru  = XSTEP
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The NAG Library routine D01GAF ws used to evaluate the integrals
P3 = Pl(r.) drj
r2
P4 = P2(r.) drj
r2
where the values of PI and P2 were specified at the 10 points
 r^. The integral between successive points was calculated by a
four-point finite difference formula centred on the interval concerned, 
except in the case of the first and last intervals, where four-point 
forward and backward difference formulae respectively were employed. 
An approximation to the truncation error was integrated and added to 
the result. It was also returned separately to give an estimate of the 
uncertainty in the result. The average values of PI and P2 calculated 
in this way for each point on the z-axis were stored in arrays P3 
and P4.
5.3.3 CONVERSION OF REAL AND IMAGINARY COEFFICIENTS TO NORMALISED 
AMPLITUDE AND PHASE
The corresponding pairs of coefficients of Pl,P2 and P3,P4 were now 
converted to amplitudes and phases using subroutine PSAS AM. The 
specification of the routine was
SUBROUTINE PHASAM (A, B, CMAX, PI, ZK, Cl, C2, C3)
A and B contained respectively the values of the imaginary and real 
parts of a pair of complex coefficients from PI and P2 or P3 and P4, ZK 
contained the wavenumber and PI contained the value of tt . The 
subroutine was called up repeatedly in a DO loop until all pairs of 
coefficients had been processed, CMAX was initially set to zero. Cl 
returned the value of the amplitude, C2 the value of the phase and C3 
returned the maximum value of the amplitude to date. CMAX was then 
assigned the new value of C3 and was used the next time the subroutine 
was called. The amplitude was given as :
Cl = y(A2 + B2)
and the phase as :
C2 = tan"*1 (A/B)
L
The phase angle was returned as a value between 0° and 360° after 
considering the signs of A and B and relating them to the appropriate 
quadrant. When the DO loop was completed the amplitude corresponding 
to the point receiver case were stored in the array PI and those 
corresponding to the finite receiver were stored in P3. In the same 
way, the phase angles were stored inP2 and P4. The maximum values of 
the arrays Pi and P2 were stored in CMAX1 and CMAX2 respectively.
The amplitudes were now normalised to the values of CMAX1 and CMAX2 
and stored in PI and P3. Finally the amplitude and phase distributions 
were written to a new file.
5.4 THE COMPUTER PROGRAM 1 FIELD1
The chief limitation of the program AXIS was that for the case of
the finite receiver it could only be used to generate axial field
distributions. In order to compute the field off-axis, the model for 
the receiver had to be modified. The model involved the creation of a
new subroutine AREAS which will be described shortly. The new model
replaced the one involving the subroutine D01GAF in the program AXIS. 
The new program FIELD was thus formed and was almost identical to AXIS 
in every other respect. The other modifications will also be 
described.
5.4.1 THE RECEIVER MODEL
The circular receiver was split up into a series of annular 
segments bounded by a series of concentric circles centred on the 
z-axis, whose radii increased progressively by XSTEP. This is best 
described by the diagram in fig 5.4.1 which shows the receiver at two 
positions on the x-axis. The on-axis case was the same at that shown 
in fig 5.3.2. The main problem was to compute the segments of area, 
AA, such as that shown shaded. The geometry of the problem is shown in 
exaggerated form in fig 5.4.2.
The element of area ABIH is a typical element, for all positions of 
the receiver such as (b) in fig 5.4.1 where the z-axis does not cut 
through its surface, in the sense that none of the area elements are 
complete annuli. The following analysis however is equally valid for 
positions such as (a) in fig 5.4.1. The area to be evaluated is the 
area ABIH which is defined by the intersection of the circle describing 
the receiver and two larger circles centred on the z-axis at 0 with 
radii R^ and R2 . 0^ and ©2 are the angles subtended at the origin by
the points A and B relative to the x-axis. (J)^ and $ 2 are t i^e an9les
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subtended by these points at the receiver origin, Ef which is a 
distance of HO from 0 and HR is the radius of the receiver. The area 
ABCF which is one half of the area ABIH can be expressed as
A = A2 - A1 + A3
where Al is the area AEG, A2 is the area ABDG and A3 is the area BCD. 
These subroutines can be written in terms of coordinates in fig 5.4.2 
as
A3 = 1^_ [R^ ©2 " ^2 x2^
M  |  [Ri2 h  -  y i  xii
A2 = JL_ [H^ Y2 x^2 ”  H0  ^ ~ ^1 X^1 B0  ^^
The calculation of these areas is tedious as up to 21 areas need to be 
calculated for each position of the receiver. The subroutine AREAS was 
written for this process.
5.4.2 THE SUBROUTINE 'AREAS1
The specification of the subroutine is
SUBROUTINE AREAS (Nf XMIN, XSTEP, PI, AARR, NUM, ISHIFT)
N is the number of points on the x-axis at which the complex pressure
is evaluated at intervals of XSTEP starting from XMIN, thus
N = XMAX - XMIN
XSTEP
PI contains the value of the function t t . n o w from figs 5.3.2 
and 5.4.1, it can be seen that the number of segments of area dividing 
the receiver surface varies with the position of the receiver. When 
the receiver is on-axis, it is divided into 10 concentric annuli. The 
number of segments increases by 1 as the receiver is traversed by a 
distance of XSTEP until HO = HR (see fig 5.4.2), at which position the 
receiver has just cleared the z-axis and the number of segments 
becomes 21, which is true for all positions where HO > HR. Hie number 
of segments for a given HO, corresponding to a particular value of N, 
is stored in the array NUM of dimension N, which is returned to the 
main program on exit.
ISHIFT is an integer array which on exit contains the values of the 
parameter SH. SH is defined for a particular value of N by
SH = HR - HO for HO ^  HR
XSTEP
and
SB = 0 for HO > HR
AARR is a real array of dimension (n,21) where n is at least equal to 
N. All the elements of AARR are set to zero at the start of the 
subroutine. On exit, AARR contains all the segmental areas which
divide the receiver for each of the N positions along the x-axis.
The subroutine was tested by printing out the arrays ISBIFT and NUM 
and by adding up the values of the segmental areas in AARR for every 
position corresponding to N and comparing the sum to the nominal area
of the receiver. The agreement was excellent for the positions 
corresponding to HO > HR and for HO = 0. The only discrepancies 
occurring in the remaining range of positions 0 < HO < HR. The 
discrepancies were very small and acceptable as the maximum percentage 
error was 2.1%. The errors stemmed from the apparent inability of the 
computer to subtract large numbers to the desired accuracy.
5.4.3 OTHER MODIFICATIONS
The coefficients of the complex pressure PI and P2 were calculated 
at the positions specified by ZMIN, ZMAX, ZSTEP, XMIN, XMAX, XSTEP. 
XSTEP was given a value of 0.00005 but with a slight modification of 
AREAS, any value could be assigned. The average values of Pi and P2 
from the receiver case were not evaluated at XSTEP intervals as this 
would produce too much unnecessary data, so a parameter SAMX which was 
an integral multiple of XSTEP was specified in the data control file 
and this was used as the x-interval in the lateral distributions. A 
similar parameter SAMZ was also included to allow greater flexibility 
for the presentation of the distributions in the printout. The 
subroutine PHASAM was used as before to calculate the amplitude and 
phase and for normalisation purposes.
In conclusion then, the program FIELD was used to generate 
normalised lateral and axial distributions of pressure amplitude and 
phase in specified regions of the ultrasonic field from a spherically 
focussed transducer both for a point receiver and for a finite 
receiver.
5.5 COMPUTATIONAL RESULTS
The first objective was to see how the field distribution measured 
by a finite receiver would differ from those measured by a hypothetical 
point receiver. It was not possible to generate any distributions 
beyond 5MHz due to the numerical problems described in section 5.3.1. 
Fig 5.5.1 shows axial amplitude distributions, based on the nominal 
geometrical parameters of the focussed transducer described in the 
previous chapter, at frequencies of 2, 3, 4 and 5MHz. The points refer 
to a point receiver and the continuous lines to a 1mm circular 
receiver. Each distribution is normalised to the maximum amplitude 
within the data set. It can be seen that for the case of the finite 
receiver, the nodes do not go down to zero and the intervening 
antinodes are smaller compared with the point receiver case. There 
also appears to be an apparent shift of the true focus towards the 
transducer origin and a more rapid decay in amplitude beyond the true 
focus. These effects become increasingly significant with frequency. 
The most important thing to notice is that the postions of the first 
two nodes on the transducer side of the true focus remain unchanged.
Figs 5.5.2 (a - d) show the corresponding lateral amplitude and 
phase distributions at several distances away from the transducer. At 
each distance the amplitudes are normalised to the peak values and are 
shown as the lower plot. There are two types of discontinuity in the 
phase plots corresponding to 180° and to 360° . Whereas the former is 
a real effect occuring at the positions where the amplitude goes down 
to zero, the latter is an artifact due to the way the data is 
presented. The phase is in fact continuous at this point since for an 
angle©,© + 360° is essentially the same angle. The general effect of 
the finite receiver is to smooth out any sharp peaks or troughs and is 
thus most apparent* in the near field. The significance of the effect
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FIG 5 .5 .2 (d ): Theoretical lateral amplitude and phase distributions at 5 MHz.
point receiver 1mm diameter hydrophone
increases with frequency, as for the axial distributions, since the 
near field structure becomes more complicated. It is important to note 
that the positions of the off-axis mimima remain unchanged.
5.6 A REAPPRAISAL OF THE EXPERIMENTAL DISTRIBUTIONS
The instability of the NAG subroutine previously discussed in 
section 5.3.1, allowed only one complete set of theoretical data to be 
generated, namely for the case of 3MHz. This was the only frequency at 
which an axial amplitude distribution, based on the effective 
parameters of section 4.4.2, could be computed and this is shown in 
fig 5.6.1. Comparing this to fig 4.4.5 (a), where the theoretical 
curve due to a point receiver is shown, there is a marked improvement 
in the near field and very little difference in the far field.
A set of lateral amplitude scans based on the geometrical and on 
the effective parameters was generated and each set compared with the 
experimental results. Fig 5.6.2 shows the former case and it can be 
seen that for the two scans closest to the transducer at 26.25 
and 41.25mm the fit was particularly poor. In the far field the 
theoretical main lobe is much narrower. The effective parameter data 
is shown in fig 5.6.3 and the improvement in the degree of fit is 
immediately apparent especially in the near field. Although lateral 
amplitude distributions were generated at 4 and 5MHz, the comparison 
with experimental measurements was as poor as that for the axial 
distributions (figs 4.4.5 (a) and (b)) • At 4MHz, the main problem was 
a very low signal-to-noise ratio in the hydrophone output signal 
whereas at 5MHz, the axial distribution was anomalous so a good fit 
off-axis was not to be expected.
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5.7 CONCLUSION
Computational studies showed that the positions of the first two 
nodes in the axial distributions measured by a 1mm diameter circular 
receiver were the same as those in the distributions seen by a point 
receiver. There was a slight apparent shift in the position of the 
true focus towards the transducer but in general, the structure of the 
far field was essentially the same as for the point receiver. This 
seems to imply that measurements with a 1mm hydrophone in the far 
field, at least up to 5MHz, can be considered to be a good 
representation of the point receiver case.
Although the lack of agreement between experiment and theory based 
on nominal geometrical parameters cannot be attributed to the effect of 
the receiver, the fact that the positions of the nodes remains 
unaffected means that they can be used to generate effective 
parameters.
The validity of the conclusions depends on whether or not the model 
chosen for the 1mm receiver can be accepted as realistic. For one 
particular case, namely at 3MHz, the agreement between experimental 
measurements and theoretical distributions, both axial and lateral, 
based on effective parameters, was extremely good. This implies that 
for this frequency, the receiver model was a good one. At the other 
frequencies, the results off-axis were not very good but it must also 
be noted that at these frequencies, there was a very poor axial fit as 
well. It seems then that if there is a good axial fit then a good 
lateral fit can be expected.This judgement, however, is based on 
information which is limited, the limitation being mainly due to the 
instability of the integration routine employed in the program.
CHAPTER 6
A FURTHER EXPERIMENTAL INVESTIGATION
CHAPTER 6,
A FURTHER EXPERIMENTAL INVESTIGATION
6.1 INTRODUCTION
As a result of the work described in the previous chapter, several 
problems became apparent. The main obstacle impeding further progress 
was the instability of the computer program used to generate 
theoretical distributions. This was eventually solved by the discovery 
of a paper by Madsen et al, (1981) who decomposed the double integral 
into a single integral and an extra term. This will be discussed fully 
in chapter 7.
The test tank, which had been used up to now, described in 
section'4.2.1, had two stepping motors allowing computer controlled 
positioning of the hydrophone in two dimensions only. This introduced 
a degree of uncertainty in the alignment of the acoustic axis of the 
transducer. Although the lateral amplitude distributions in the 
measurement plane were symmetrical within a known accuracy, the degree 
of symmetry in the plane perpendicular to the former could not be 
established to the same accuracy. It was possible then that the 
acoustic axis was aligned with respect to the x - z plane but not with 
respect to the y - z plane. In practical terms, this would have meant 
that the rate of decrease of the amplitude in the far field would be 
apparently greater than expected which could provide a possible 
explanation for the results discussed in section 4.4.2.In order to 
eliminate this ambiguity, a new test tank was adopted for the
subsequent work which allowed the hydrophone to be moved in three 
dimensions by three independent stepping motors (Aindow, 1983).
The hydrophone which had been used for all the previous 
measurements had proved to be very insensitive at some frequencies and 
it had proved necessary to increase the transducer excitation voltage 
in order to obtain an acceptable signal. As the hydrophone was not 
calibrated, it was not possible to estimate the absolute pressure 
amplitudes in the field and so non-linear effects could not be 
discounted. It was decided to use a more sensitive hydrophone and 
undertake a study of the linearity of the acoustic propagation in the 
field in water.
A detailed reappraisal of the 1MHz focussed transducer, described 
in Chapter 4, was undertaken with the modified apparatus and a new 
experimental strategy aimed at eliminating the aforementioned sources 
of ambiguity. In the course of this work, a number of problems arose 
with hydrophones so that the interpretation of the results has to be 
done with caution. Selected results are included in this chapter which 
were used to build up a basis of experience for the planning of 
subsequent experiments. The problems encountered were related to the 
difficulty of defining effective parameters at some frequencies and of 
subsequently identifying the causes of this i.e. whether it was due to 
the deterioration of the transmitting transducer, to the hydrophone 
characteristics, or to non-linear effects.
It was felt that following previous work on phase measurements on 
planar transducers (Aindow, 1983), that these might be helpful. It was 
discovered, however, that very little extra information would be gained 
for the present purposes compared with the considerable effort required 
to obtain reproducible data. Nevertheless, the results reported are 
some of the very first phase measurements to be made on focussed probes
in this frequency range and have been independently confirmed by Madsen 
et alr (1981).
6.2 NON-LINEAR EFFECTS
As already mentioned, some of the measured axial amplitudes, 
presented in Chapter 4, were considered anomalous, as suitable 
effective parameters could not be found which would provide an 
acceptable fit with the theoretical calculations based on O'Neil's 
theory., The difficulties were either because the first two nodes on 
the transducer side of the true focus were not clearly defined (as at 
2.5MHz) or, where they could be defined from near-field measurements, 
provided a poor fit in the far-field (as for the case of 5MHz in 
fig. 4.4.5(b)). Results of the latter kind prompted speculation as to 
whether there were any non-linear processes within the experimental 
system. The term non-linear included any mechanism whereby the 
measured hydrophone output signal, at a given point, was not 
proportional to either the acoustic pressure, at that point, or to the 
transducer driving voltage.
There were three possible sources of this 'non-linearity' and were 
associated with
(i) the transmitting transducer
(ii) the receiver
and (iii) the propagation medium i.e. water
It was conceivable that any or all of the three sources could be 
contributing to the net result and so the question was: if this was
the case, could these effects be identified separately?
6.2.1 NON-LINEARITY OF THE TRANSMITTER AND RECEIVER
If the transducer is driven with a sufficiently high voltage it 
will vibrate in a non-linear fashion. Any such effects would be 
detectable near the transducer itself, as distinct from harmonic 
generation due to non-linearity in the propagating medium, which 
increases with increasing pathlength. The ability to detect such 
transmitter effects would depend on the sound levels in the field of 
the source transducer being low enough not to produce similar effects 
in the receiver.
Receiver originated distortion , however, would be relatively 
straightforward to isolate as it would be expected to follow the rise 
and fall of acoustic pressure, when moved through a region of high 
pressure amplitude such as the true focus.
6.2.2 NON-LINEAR EFFECTS IN WATER
When an acoustic wave of appreciable amplitude is propagated in a 
liquid, it is progressively distorted by non-linear effects. It is 
usually assumed that there is a linear relationship between acoustic 
pressure P and the excess density is only valid,
however, at infinitesimal amplitudes. A more accurate pressure-density 
relationship is given by the series expansion (Beyer, 1974)
P = Prt + A s + B s2 + C s3+ 
0 1 \  3!
where
s = e - e 0
e 0
where cQ is the infinitesimal amplitude sound velocity,£0 the static 
density, and PQ the ambient pressure. B/A and C/A are known as the 
second and third order parameters of non-linearity and are temperature 
dependent in general. The parameter B/A is the only one which is 
normally required and has a value of 5.2 for water at 30°C (Muir & 
Carstensen, 1980). The infinitesimal or 'linear1 regime is described 
by the first two terms of the above relationship.
A further assumption in linear acoustics is that the velocity of 
propagation is also constant. At high amplitudes, the velocity v, at a 
point z, on an acoustic waveform becomes
v(z) = cQ 1 + J3 u(z)
2A c 
o
2A + 1 
B
where u(z) is the particle velocity at z and cQ is the infinitesimal 
sound velocity (Muir & Carstensen, 1980)
The implications of this relationship are that the signal at z not 
only depends on infinitesimal velocity c Q  but also on the local 
particle velocity via the parameter of non-linearity, E/A. It can be 
seen that the points of high particle velocity will move more rapidly 
than those of lower velocity. For example, in the compressional phase 
of a waveform, u(z) is positive and v(z) becomes 'supersonic' 
i.e. greater than cQ . The opposite is true in the rarefaction case.
The result of the non-linearity of the signal speed is to cause 
cumulative distortion in the propagating waveform, which becomes 
progressively steeper (in the neighbourhood of u = 0) with 
increasing z, as shown in fig. 6.2.1. This distortion of the wave in
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the time domain, is equivalent to the generation of new frequency 
components which are harmonically related. The distortion increases as 
the source intensity increases and as the wave propagates further from 
the source.
Since the absorption coefficient is proportional to the square of 
the frequency for most liquids, this means that the higher frequency 
components will be attenuated more rapidly. There is a region along 
the path of propagation along which the rate of energy conversion from 
the lower to the higher harmonics is roughly counterbalanced by the 
increased dissipation of these higher frequency components so that the 
waveform remains very nearly constant. This is known as the region of 
the "comparatively stable wave" (Beyer, 1974).
There are two simple ways to test for non-linearity of the medium. 
The first is to look at the hydrophone output signal on an oscilloscope 
and check for distortion of the pure sine wave with increasing 
transmitter driving voltage, provided the transmitter is known to be 
working in a linear region. The second and most succinct way is to 
look at the growth of harmonics with increasing distance away from the 
source. In the case of a focussed transducer, the harmonic generation 
would be expected to rise in the focal region and remain significant 
well beyond this region. This test should be able to distinguish 
between probe originated harmonics and those due to the medium.
6.2.3 PRACTICAL EVALUATION
A test for non-linearity was performed before any of the amplitude 
measurements, to be described in the next section, were undertaken. In 
retrospect, the procedure by which this was attempted was far from 
exhaustive. As suggested in the previous sub-section, a good 
indication of non-linear behaviour was signal distortion and this was
checked at various parts of the field of the focussed transducer for 
different input voltages. No obvious distortions were observed at any 
frequency.
The hydrophone was placed in the vicinity of the true focus and a 
graph of the peak-to-peak hydrophone output voltage was plotted against 
the transducer driving voltage at a particular frequency of interest. 
This provided a sweep through the whole range of pressure amplitudes 
which could be generated by the pulser-transmitter combination at that 
frequency. This was largely a check for the linearity of the probe's 
response.
A second similar set of data was obtained about 20cm away from the 
transducer origin and this was taken as a test for the linearity of 
propagation in the the medium. This latter check was not sufficient on 
its own as a proper evaluation would have required looking at the 
frequency content of the hydrophone output signal with increasing 
transmitter driving voltage. This was not possible to do, however, as 
it required the use of an electronic gate and a spectrum analyser and 
the former was not available. However, a combination of the measured 
linear relationship between the hydrophone output voltage and the
transducer driving voltage and the absence of distortion, in the
temporal signal, implied that there were no significant non-linear 
effects in the the region over which the measurements were made.
A further indication that non-linear effects due to the water were 
unlikely to be present was provided by the arrival of a calibrated 
hydrophone (to be discussed in Section 6.5). It was estimated that the 
maximum possible positive or negative peak pressure amplitudes for the 
1MHz- focussed transducer and for the transducers tested subsequently, 
was in the region of 0.3 atmospheres. T h e  author knows of no
non-linear effects reported, at this level, in the literature.
6.3 AMPLITUDE MEASUREMENTS
It was considered that the arbitrary choice of frequencies at which 
measurements had been made heretofore, namely in integer multiples of 
0.5MHz, starting from 1MHz, resulted in a somewhat distorted assessment 
of the transducer under test. It is well known (see eg. Wells, 1977) 
that a piezoelectric transducer will resonate when driven at 
frequencies at which the thickness is equal to an odd integral number 
of half wavelengths and similarly, will oscillate with minimum 
amplitude when its thickness is an even integral number of half 
wavelengths. A transducer with a nominal fundamental resonant 
frequency of 1MHz will be expected to have further resonances at 3, 5, 
7, 9....MHz. The exact behaviour of the transducer in between these 
harmonics will be determined by the nature of the backing material of 
the piezoelectric vibrator. In general, the greater the damping 
effect, the higher the Q-value of the resonance.
For the case of the transducer in hand, assuming it behaved in an 
ideal way, resonance peaks would be observed at 1, 3, 5, 7, 9MHz etc 
with little or no vibration around 2, 4, 6, 8MHz etc. Such an effect 
became apparent during the preceeding measurements as it was discovered 
that the amplitudes measured at 2.5 and 4.5MHz where significantly 
lower than at other frequencies. It is worth mentioning that to 
overcome the problem of a diminished signal-to-noise ratio at these 
frequencies, it was necessary to increase the transducer driving 
voltage. The results, however, showed some anomalous features which 
could not be accommodated by the simple piston model. Possible 
explanations included non-linear effects in the transducer or water, or 
some extra coupled modes of vibration. It was felt, however, that 
since the transducer's practical usefulness tended to be confined to 
regions surrounding its resonant frequencies, it was decided to
concentrate all future efforts within these ranges.
A hydrophone of the built-in pre-amp type (no.011), having an 
active circular area of 1mm in diameter was chosen for the first set of 
results with the newly modified experimental set-up. Apparent resonant 
frequencies were determined by searching for the maximum peak-to-peak 
output voltage from the hydrophone positioned at an arbitrary fixed 
point on the acoustic axis, about 10 - 20cm away from the transducer. 
A series of two perpendicular sets of lateral scans and an axial scan 
was proposed to be performed at frequencies of 1.05, 3.22, and 5.4MHz. 
Unfortunately, after having obtained results at 3.22 and 5.4MHz, the 
noise level on the hydrophone signal increased to an unacceptable level 
during measurements at 1.05MHz. It was surmised that a contribution of 
'ageing1 and prolonged water contact had resulted in the deterioration 
of the epoxy adhesive resulting in the disbonding of the piezoelectric 
element and flooding of the interior structure of the hydrophone.
As a complete rebuild was necessary, it was decided to use another 
similar ' probe instead for subsequent measurements. A nominally 
identical replacement was adopted (hydrophone no.010). At this time, 
the computational problem of the previous chapter had not yet been 
resolved and since it was not possible to generate theoretical lateral 
distributions above 3MHz, it was decided to concentrate on the region 
around the 3rd harmonic resonance. Measurements were taken at 3.00, 
3.22 and 3.5MHz. It was noted that the results in the near-field were 
significantly different from previous data so it was considered a 
worthwhile exercise to repeat these measurements with a different 
hydrophone. A design after Filmore (1979), (no. 303), having a 1mm 
diameter element was chosen and a set of data obtained at 3.22MHz. It 
was not possible to perform measurements at any other frequency as the 
epoxy became soggy once again. This epoxy was the same as that used in
the construction of probe 011. Another probe of the same type was 
brought in, no. 405 ,and once again only one set of data could be 
obtained, this time at 3.00MHz, before the hydrophone suffered the same 
fate as its predecessors.
At this point, hydrophone no. 010 was still usable although there 
was some obvious concern about its future. The practice up to now had 
been to leave the hydrophone immersed in the water tank for many weeks 
at a time. In an attempt to prolong its useful life, it was resolved 
to leave the probe out of the water in between measurement sessions. 
To ensure that the hydrophone transducer alignment would remain 
unaffected, this involved moving the hydrophone as high as the vertical 
screw thread on the gantry allowed,and then siphoning some water out 
until the level was below that of the probe. The transmitter, however, 
was kept submerged in water to maintain its stability.
Clearly, as hydrophone no. 010 was constructed using the same epoxy 
as the others, it was not expected to last for ever, so, as a 
contingency plan, it was decided to build a hydrophone of the same type 
but with a more waterproof epoxy. This will be described in the next 
chapter. In addition to this, a calibrated FVDF needle type hydrophone 
having a 0.5mm circular element was bought from the Danish Institute of 
Biomedical Engineering. It was possible for the first time to obtain 
absolute measurements of pressure, to obtain the frequency response of 
hydrophone no. 010 and to provide a check on the veracity of the 
measurements made with this probe.
Before the inevitable demise of hydrophone no. 010, a set of 
amplitude and phase measurements was obtained at frequencies of 1.065 
and 3.24MHz. The results and the others previously mentioned will now 
be discussed in greater detail.
6.3.1 MODIFICATIONS TO EXPERIMENTAL APPARATUS
In order to overcome ambiguities in the alignment of the acoustic 
axis and to achieve greater mechanical precision, a new test tank was 
introduced which is described in detail elsewhere, (Aindow, 1983). The 
tank consisted of a perspex bath onto which was mounted a rigid steel 
frame and to this frame was attached a gantry and a z-axis mechanical 
drive system. Worm and screw thread drives were used to provide motion 
in the x and z planes together with a rack and pinion drive to provide 
motion in the y-plane. These movements were attached to stepping 
motors which permitted independent translation in -5}im steps along any 
of the three axes. To achieve accurate transmitter/tank axis 
alignment, a transmitter holder manipulation device similar to that 
used in the previous tank was mounted on the wall at one end of the 
tank.
An electronic controller which was an improved version of the one 
previously described was used. It consisted of three separate but 
identical control channels for the x, v and z motors, each axis having 
the option of a single manual step, continuous manual stepping or full 
computer control.
The experimental set-up was essentially the same as that shown in 
fig. 4.2.1 The 'front end' of the system, however, was changed 
according to the hydrophone in use. The hydrophone/pre-amplifier 
combinations are outlined below:
HYDROPHONE PRE-AMP
010 , 011 
303 , 405 
PVDF reference
A Metrotek MR 101 Receiver was used in each case to further amplify 
the hydrophone output signal. The gain was adjusted so that the 
maximum hydrophone output signal, within the particular field 
distribution being measured, was amplified to provide a + IV 
peak-to-peak input signal to the Boxcar. In this way, the full range 
of the 8-bit ADC was used and so provided the optimum dynamic range to 
the sampled signal, as described in section 4.2.3.
6.3.2 TRANSDUCER-HYDROPHONE ALIGNMENT
The most critical, and indeed, the most difficult process in 
obtaining accurate pressure amplitude and phase measurements is the 
alignment of the coordinate axes, of the mechanical scaning system, 
with respect to the acoustic axis of the transducer under test. In 
this particular case, the problem was especially difficult as the 
transducer mount, (Bristow et al, 1980), could not be simply adjusted 
to allow the transducer to be manoeuvred about its geometrical origin. 
Further complications were introduced when it was discovered that in
Built-in head-amp only
Purpose built pre-amp (remote)
EG + G Model 115 (remote)
order to allow the hydrophone to be moved right up to the face of the 
transmitter, an 8cm extension to the mount had to be introduced. This 
meant that the transducer face was about 13cm away from the back wall 
of the tank in which the positioning screws were housed.
It can be readily appreciated that a minor adjustment to one of the 
screws would result in a significant deflection of the acoustic beam. 
This called for considerable practice and patience. An iterative 
scheme was devised which provided a systematic approach to reduce the 
amount of guesswork involved. The technique is illustrated in 
fig. 6.3.1 for the case of a hypothetical line transducer. The angles 
involved here have been exaggerated for clarity.
The hydrophone is moved to a plane in the far field of the source a 
distance z, from the geometrical centre of the transducer face. The 
probe is now repositioned in the plane until a maximum signal is 
observed on an oscilloscope. Let this position be A in fig. 6.3.1(a). 
The apparent acoustic axis along the line O'Z1 which passes through A. 
The probe- is now moved a further distance z, away from the transmitter 
to a point B and again manoeuvred, via the positioning screws, until a 
maximum signal is observed at C. The true acoustic axis is now defined 
as the line AC which intersects the source at 0. Clearly, if the 
transducer could be rotated about 0 then by moving the probe, by a 
distance zx, to a position D, the acoustic axis would be defined as the 
line OD after the transducer had been rotated clockwise to produce a 
maximum signal at D. Since OD is parallel to the measurement axis the 
necessary alignment would have been achieved.
In this particular case, however, 0 1 and 0 are not in the same 
z-plane and the transducer cannot rotate about 0. However, the ideal 
case is assumed as the basis for iteration. The probe is moved to D 
and then back to E. The transducer is rotated clockwise until a
1  0 2
maximum signal is detected by the hydrophone. The apparent acoustic 
axis now passes through E and intersects the transducer face at 0". 
The true acoustic axis is found once again by moving the probe a 
distance z, away to the point D and then to a point F where the maximum 
signal is detected.
The true acoustic axis lies along the line EF intersecting the 
transducer at its acoustic origin 0. If the distance x is less than 
the required tolerance then the transducer is said to be aligned. If 
not, the probe is moved back a distance 2x to a point G and then a 
distance z, towards the transducer to H and the process repeated until 
the required tolerance is achieved. In the realistic case, of a 2-D 
source, the above technique described for the x - z plane has to be 
extended independently to the y - z plane. The tolerance used for the 
measurements described in the rest of this thesis was 0.25mm at 
z = 10cm, although for the majority of the cases to be described, the 
degree of alignment was better than 0.15mm.
In order to confirm that the alignment of the transducer had been 
achieved, two sets of orthogonal amplitude distributions in the x - z 
and y - z planes were measured. Each set consisted of 10 lateral scans 
at intervals of 1cm starting at 1cm away from the transducer. The 
lines of symmetry in each set of scans, representing the projections of 
the true acoustic axis in each plane, were compared to the axis of the 
measurement system. If the above tolerance had been achieved, then the 
transducer - hydrophone alignment was confirmed.
6.3.3 RESULTS
Axial and lateral scans were obtained using different hydrophones 
at various frequencies for the reasons described in Section 6.3. This 
provided a good opportunity to intercompare the results and to see 
whether the results were receiver dependent. The most relevant 
comparison was provided by the axial distributions and this will be 
presented here.
Axial data was obtained in the range 10 - 150mm from the transducer 
origin and points were taken at 0.25mm intervals when the hydrophone 
nos 303, 405, 101 and 011 were used. Some data obtained with the TMS
hydrophone described in Chapter 4 was also used in the intercomparison. 
The range of this data was confined to 10 - 140mm and the measurements 
were taken in 0.375 steps. The results at 3.0, 3.22, 3.5 and
5.4/5.5MHz are shown respectively in fig. 6.3.2(a - d).
At 3.0MHz, the data from hydrophones 010, 405 and the TMS one seem 
to be in excellent agreement beyond 27mm while the region of overlap 
for hydrophones 405 and TMS is slightly greater starting at 20mm. For 
our purposes, the most important features are the positions of the 
first two nodes. The position of the first node agrees within 0.5mm 
for the three sets of data whereas the second node is seen to be
hydrophone dependent. In fact, the position of the first node is the
same for hydrophones 010 and TMS and the discrepancy due to 
hydrophone 405 in this respect, may have been due to an error in 
setting up the zero position. It can be seen that if the data from
this probe was shifted by 0.5mm towards the transducer origin, this
would increase the degree of overlap within the vicinity of the first 
node without compromising the agreement in the far-field.
The situation is not dissimiliar at 3.22MHz. Excellent agreement 
is seen to exist between data from hydrophones 010 and 011 over the
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FIG 6.3.2(a) Comparison between axial distributions obtained using different hydrophones at 3MHz.
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FIG 6.3.2(d) Comparison between axial distributions obtained using different hydrophones at 5.4/5.5MHz
whole axial extent beyond 15mm whereas this is only augmented by the 
distribution from hydrophone 303 beyond 35mm. Although the position of 
the first node is not clearly defined using hydrophones 010/011, there 
is a shallower dip consistent with the node visualised by hydrophone 
303. The position of the second node is considerably different for the 
case of 010/011 and 303.
At 3.5MHz, the data obtained with hydrophone 010 is compared with 
earlier data using the TMS hydrophone. It is interesting to recall 
(section 4.4.2), that this latter distribution resulted in imaginary 
effective parameters using the 1two-point' method. The two sets of 
data are consistent in the position of the first node and agree within 
0.4mm on the position of the second node. This implies that the 
imaginary effective parameters were not an artifact due the hydrophone.
The comparison of results in fig. 6.3.2(d) is more tenuous as it 
involves data from the TMS hydrophone at 5.5MHz and from hydrophone 011 
at 5.4MHz. It was considered that this small difference in frequency 
should not be significant and indeed, there is some correlation between 
the results.
Although the nodes in the distribution due to hydrophone 011 are 
not very well defined, the smooth inflections appear to follow the 
correspondingly sharper features in the distribution of the TMS 
hydrophone. This agreement extends from a distance of 15mm away from 
the receiver. In the far-field, however, the fall off in amplitude at 
5.5MHz appears to be steeper than at 5.4MHz. It is very likely that 
this is due to an alignment problem at 5.5MHz as the measurements had 
been taken in the 'old' tank. It is worth mentioning that good 
agreements between lateral distributions was obtained over the same 
axial range where good agreement was found to exist in the axial 
distributions.
The conclusions arising from the results presented need to be drawn 
with some caution. The chronology was such that measurements with
hydrophones 010 and 011 were taken within ten days, whereas those
with 303 and 405 were taken 2 months and 3 months later respectively. 
Measurements with the TMS hydrophone were done 12 months before those 
of 011/010. It is extremely likely that the transducer will have 
'aged1 over this period of time, and so it is not possible to predict 
how this would affect its performance in terms of field
characteristics. It is interesting to note that two sets of data,
which, taken within the shortest span of time, ie those at 3.22MHz,
with hydrophones 010 and 011, show the best agreement over the largest 
axial range.
Another effect which would produce differences among the
distributions at a given frequency is temperature. All the
measurements were taken within a temperature range of 15 - 22° C, 
corresponding to a range of acoustic velocities of 1466 - 1481ms1 (del 
Grosso, 1972). Theoretical calculations revealed that the effect of 
such a temperature difference would be smaller than the experimental 
limits of reproducibility which can be inferred from
fig. 6.3.2 (a - d).
Effective parameters at 3.0 and 5.5MHz had clearly been calculated 
from the distributions measured with the TMS hydrophone and the 
resulting theoretical results have been shown superimposed on the 
experimental data in figs. 4.4.5(a) and (b). Clearly, it would not 
have been possible to generate these curves either from the data 
obtained with hydrophones 405 and 010 in the case of 3MHz, as(the 
second node was ambiguous, or from the data obtained with hydrophone 
011 at 5.5MHz as the first node was undefined.
As already mentioned, data from the TMS hydrophone at 3.5MHz
provided imaginary effective parameters and this would obviously be the 
case with the data obtained by hydrophone 010. At 3.22MHz, the nodes 
for the 010/011 data were not clearly defined and so effective 
parameters could not be calculated. This was not the case for the 303 
data, however, but the matter of effective parameters at this frequency 
will be discussed in the next section.
6.4 PHASE MEASUREMENTS
The complete characterisation of an acoustic field requires the 
measurement of phase as well as amplitude. An interesting 
philosophical point is whether if the theory based on effective 
geometrical parameters provides a good fit with experimental amplitude 
distributions, then that necessarily implies that the phase 
distributions will fit also. If the transducer was vibrating as an 
ideal piston, this would certainly be the case as there is a unique 
solution to the Rayleigh Integral for a specific set of boundary 
conditions. The introduction of effective parameters is clearly an 
approximation as the transducer does not alter its physical shape with 
frequency. The real situation is that the vibration of the transducer 
is not uniform but there is a complex distribution of velocity on its 
surface. At some frequencies the net effect, to a first approximation, 
is the same as that which would be observed from an ideal piston source 
having dimensions given by the effective parameters.
If the true complex variation in velocity over the transducer 
surface was known, then the substitution of this information into the 
Rayleigh Integral would yield a unique solution for the complex 
pressure field distribution. Since the complex vibration of the source 
can be approximated very simply as described above, then there must be 
a similar set of more complex solutions which, in conjunction with the
Rayleigh Integral, will provide distributions which would also agree 
with the measurements within experimental error. The essence of the 
problem is then whether the calculated phase of the pressure in the 
ultrasonic field is more sensitive to the particle velocity 
distribution, on the surface of the transducer, than is the pressure 
amplitude.
There was some evidence (Aindow, 1983) that for the case of a plane 
disk transducer, the degree of fit for lateral phase distributions 
mirrors that of the corresponding amplitude distributions when an 
effective value for the baffle radius is used. It should be added, 
however, that the differences between the theory based on the effective 
radius are more apparent in the phase than in the amplitude
distributions. The case of the spherical bowl was considered more 
complicated in that two effective parameters need to be defined 
compared to one for the plane disk case. For this reason, it was 
decided to check whether the effective parameters model which was 
fairly good for amplitude, was also equally valid for phase
distributions.
6.4.1 EXPERIMENTAL SYSTEM
A schematic diagram of the experimental set up is shown in
fig.' 6.4.1. The transducer was excited by a toneburst signal of
typically 20ps in length which was generated periodically every 250ps 
by applying pulses from a Thandar (model TG105) pulse generator to a 
Wavetek (model 162) function generator that had a built-in gate. The 
output signal from the hydrophone (no. 010) was gated using a Brookdeal 
(model 9415) linear gate and amplified using a home-built constant gain 
pre-amplifier and Hatfield (model 2007) attenuator. The signal was 
then fed to a zero-crossing detector. The output pulses from the
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latter were counted using an adjustable counter/comparator and as the 
desired zero crossing number arrived, a timing pulse was generated.
The zero-crossing detector and counter which is shown schematically 
in fig. 6.4.2 was designed and built by J.D. Aindow and is described 
fully elsewhere (Aindow, 1983). The incoming toneburst was passed 
through a limiting amplifier to turn it into a train of square waves as 
shown in the timing diagram (fig. 6.4.3). The rising edges of these 
square waves corresponded to zero-crossings in the original signal, 
delayed slightly by electronic circuit propagation times. These square 
waves were then counted by a digital counter circuit and when the 
zero-crossing number (A) reached that number (B) previously selected on 
a thumbwheel switch, an output pulse was produced. The characteristics 
of the zero-crossing detector were such that it was necessary to 
perform measurements with a constant peak-to-peak signal amplitude 
greater than 350mV. With the source excitation voltage kept constant, 
the signal amplitude at the input of the zero-crossing detector was 
kept at 400mV using an attenuator.
Another feature of the detector was that there was a threshold 
voltage below which a square pulse would not be produced. It was 
discovered that the first few cycles of the hydrophone output signal 
varied about this threshold level producing spurious square pulses as 
the probe was moved during a scan. In order to eliminate this effect, 
the troublesome region was gated out as shown in the timing sequence in 
fig. 6.4.3. A Marconi counter timer was triggered by the leading edge 
of the excitation toneburst and stopped by the output of the adjustable 
counter. The time-averaging mode of the counter-timer permitted 
automatic averaging of the readings and could be adjusted to average 
10, 100 or 1000 start-stop periods. The last mode was used to give a 
maximum precision of about + 3ns.
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Recei ved 
acoustic o  
si gnal
Limi ting 
amp.^
Di gi tal 
counter
Counter 
reset 
si gnal
Digital
comparator
3 - digit 
thumbwheel
A = B 
o  output
FIG 6.4.2 THE ZERO-CROSSING DETECTOR AND COUNTER (AFTER AINDOW,(1983»
250 US PULSE GENERATOR O/P
20 us -►
GATE DELAY
TRANSDUCER EXCITING 
—  - VOLTAGE
RECEIVER O/P
ON
GATE
OFF
GATED AND AMPLIFIED SIGNAL
OUTPUT FROM LIMITING AMP.
ADJUSTABLE COUNTER/ 
COMPARATOR OUTPUT: 
ZERO CROSSING =4 SELECTED
1 4  1 4
TIMER START TIMER STOP TIMER START TIMER STOP
FIG 6.4.3 TIMING DIAGRAM FOR PHASE MEASUREMENT SYSTEM.
^5310954^9
3098^311
3911294149
The hydrophone scanned in lines perpendicular to the z-axis in the 
x - z and y - z planes. The relative phase 0 at each point was 
calculated using the time delay t between the stop and start pulses 
according to the equation
A(t) = 27TAt - INT 2?rAt (6.1)
T ~  T
where T  is the period of the acoustic wave and INT signifies the 
integral number of full cycles in the interval At.
6.4.2 RESULTS
The zero-crossing detector could only be used accurately up to 
5MHz, so it was resolved to take measurements at the fundamental 
resonant frequency of the 1MHz focussed transducer and at the third 
harmonic only. The apparent resonances as seen by hydrophone 010 were 
1.065 and 3.24MHz. In the previous section, no successful measurements 
at the fundamental resonance were obtained whereas those in the 
vicinity of the third harmonic were taken at 3.22MHz which was the 
apparent resonant frequency as 'seen' by hydrophone 011. Subsequent 
measurements with hydrophone 010 and 303 were also done at 3.22MHz for 
the sake of comparison as already described. Before any phase 
measurements were taken at either of these two frequencies, two 
perpendicular sets of lateral amplitude distributions were measured to 
check the alignment of the acoustic axis. In addition to this a set of 
axial data was obtained.
The phase measurements were done in a semi-automatic way. A 
computer program called PHASEX was written in PASCAL to control the 
stepping motors in the same way as for the amplitude scans except in 
this case, it would pause at each position until a value for the
amplitude and phase was typed in manually. The data would then be 
stored on floppy disk in a format compatible with graphics routines on 
the PRIME or on the microprocessor. The advantage of microprocessor 
controlled scanning was that it eliminated human error in the 
determination of the exact location in the field and secondly, it 
allowed the measurements to be made more quickly. It was decided that, 
although the measurement of phase was extremely temperature dependent, 
it did not matter what the temperature was as long as it was known and 
providing that the variation in temperature over the period it took to 
obtain one line of data was very small.
With the semi-automatic method, a line of 61 data points took about 
30 minutes to collect and the temperature remained constant within 
+ _ 0.1°C. The amplitude data which was read from an oscilloscope was 
used as a cross check for the data obtained by the automatic method. 
Agreement between the two sets was good in all cases. The axial scan 
at 1.065MHz revealed only the first node in the axial distribution. 
The position of the second node could not be determined as it appeared 
to be closer to the transducer face than it was possible to take 
measurements on account of pulse length and electrical breakthrough 
from the transducer. In addition, as the position of the second node 
in the axial distribution appeared to be hydrophone dependent around 
3.22MHz (see section 6.3.3) a new strategy for determining the 
effective parameters was attempted. This required the location of the 
first node in the axial distribution and the first node off-axis in the 
lateral distributions at the geometrical centre of curvature 
(z = 100mm).
O'Neil's expression for the relative amplitude at the centre of 
curvature was given in equation 2.3 viz
P = 2«J^  (ka sin0)
ka sin0 (6.2)
w h e r e  is the Bessel function of the first kind/ k is the wavenumberf 
a the radius of the transducer baffle and 0 the angle subtended by a 
point in the focal plane at the geometrical origin of the transducer. 
As already mentioned in chapter 3 f the first off-axis node in this 
distribution is given by
ka sin© = 3.63 (6.3)
from which an effective value for a ,  aeff, was defined. Substituting 
this into the expression for the position of the first axial node z, 
(equation 3.5)
/[(zl ~ + aeff~] ” z-L = A (6.4)
an effective value for hf h ^ / W a s  calculated.
In order to calculate a ^ ^  two extended perpendicular lateral scans 
were performed at z = 10cm, at each of the frequencies. The effective 
parameters calculated in this way were as follows at 1.065MHz: 
ae££ = 7.243mm, he^£ = 0.495mm and at 3.24MHz these parameters were 
aeff = 6 '3 2 5mm and h ^  = 0.229mm.
Theoretical axial and lateral pressure distributions generated 
using these effective parameters are shown compared to the experimental 
data in fig. 6.4.4 for the case of 1.065 MHz and in fig. 6.4.5 for the 
case of 3.24MHz. The degree of fit is not too impressive for either 
frequency although it is better at 1.065MHz in the far field. At
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FIG 6.4.5: Comparison between theoretical pressure amplitude and normalised
peak-to-peak hydrophone output voltage distributions in water at 3.24 MHz 
aQff= 6.325 mm, heff= 0.229 mm, c= 1473 ms'1
The bold lines represent theory and the dots, experimental data.
3.24MHz, the reason for this is that the field is asymmetric as can be 
seen from the lateral plots. The definition of a ^  was more difficult 
in this case as the four values for the positions of the first node in 
the focal region from the two perpendicular scans were all different. 
An average value was, therefore, chosen.
A set of phase distributions is displayed compared with theoretical 
calculations based on the above effective parameters in figs. 6.4.6 and 
6.4.7 for 1.065MHz and 3.24MHz respectively. It is not surprising to 
see that the degree of fit for the phase results has a close 
resemblance to the amplitude results. The theoretical and experimental 
phase distributions have been shifted to coincide at x = y = 0. Hiis 
normalisation is of course not invalid as the measurements were 
relative and not absolute. It should be noted that there are two types 
of discontinuity or phase-flip, the first corresponding to 180° which 
is a real effect and the second is a computational artefact arising 
from the compression of the data to a 360° window. In the latter case, 
it is clear that the phase point 0 + 360° is the same point as $ .
The 180° flip means that the amplitude has changed sign since
Re {A exp(i[$ +7T])} = - Re {A exp(i<t))}
where Re denotes the real part of.
A good example of this phase flip is seen in fig. 6.4.7(b) for the 
case of z = 80mm. The data from the y - z plane shewn by hollow 
circles can be seen to exhibit this effect on the right side of the 
diagram. The corresponding amplitude point can be seen in fig. 6.4.5 
as a minimum in the lateral distribution.
One of the problems with using a finite receiver whose active area 
is greater than the wavelength is that sharp nodes are smoothed out
183
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FIG 6.4.7 (b ) Phase distributions at 3.24 MHz.
(see section 5.5). There is therefore, an ambiguity at a point where 
the probe registers a minimum amplitude since it is unclear as to 
whether this is just a trough in the amplitude distribution or whether 
the amplitude has actually gone down to zero. The only way to resolve 
this is to look for a 180° phase change in the probe output signal.
The day to day reproducibility of the phase measurements was found 
to be poor, partly because no temperature control system was used and 
partly because of the mechanical inadequacy of the hydrophone 
positioning system. Aindow, (1983), has demonstrated theoretically the 
effects of positional uncertainty and temperature fluctuation on the
maximum phase error and these results are reproduced in fig. 6.4.8. It
can be seen that the measurement error due to a positional error 
of 20pm in a field of plane waves could be between 10 and 20° at 3MHz
and the same effect could be observed for a temperature change of
0.1°C.
An idea of the point by point reproducibility of a phase scan is 
shown in fig. 6.4.9. The two scans, at,1.065MHz, were performed on the 
same day during the same experimental session. The temperature 
difference in the medium between the two scans was 1°C, whereas the 
temperature during either scan was stable within _+ 0.1°C. The point by 
point difference is seen to be as great at 30°. The general shape, 
however, is seen to be similar.
The exacting nature of phase determination and the effort required 
to make accurate measurements did not seem commensurate with the amount 
of extra information gained. The critical point was that if the 
amplitude distributions did not permit - definition of effective 
parameters, model fitting could not then be satisfactorily achieved. 
It was, therefore, decided that the main emphasis should be made on 
amplitude distributions in the first instance with a view to obtaining
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more phase data in the future.
It was thought at the time that the results on phase measurements
presented here were the very first of their kind on a spherical bowl
transducer in this frequency range. It was subsequently discovered
that a group of workers at the University of Wisconsin had published 
some results on amplitude and phase measurements and compared them with 
the theory, (Madsen et al, 1981). The present work and that of the 
aforementioned authors appear to be complementary in that the Wisconsin 
workers also used an effective parameter approach to generate the 
theoretical data which included a correction for the finite size of the 
probe. The effective parameter they used was that for the radius of 
curvature of the bowl transducer and the means whereby this was
calculated was based on equation 6.2 which is an expression for the
pressure amplitude in the focal plane of the tranducer. Madsen et al 
found the 'focal plane1 of the transducer by searching for the plane in 
which the amplitude distribution provided a good fit with that
generated using equation 6.2 using the nominal geometrical value for 
the baffle diameter, a. This must indeed have been a tedious though
rewarding process as the fit they obtained between theory and
experiment was good. The experimental measurements reported were from 
a single transducer at only one frequency, 2.46 MHz. They also
reported that they repeated the technique for two other transducers and 
found that for one of them the fit was 'slightly better' than and that
the other was 'good but not as good as' the one described in their
paper. In addition the lateral plots were only measured in one plane 
perpendicular to the acoustic axis. No mention was made whether the 
ultrasonic beam was symmetrical. Clearly the approach by the present 
author was more exhaustive.
6.5 THE REFERENCE PROBE
About this time, a calibrated FVDF hydrophone having a nominal 
active area of 0.6mm arrived from Denmark* and this opened up a variety 
of possibilities. It was possible for the first time to obtain 
absolute measurements of pressure amplitude which could then be 
compared with the liter^ure to confirm that the measurements were done 
under 'linear1 conditions. As this probe was considered to be well 
behaved in its directional and frequency response, measurements made 
with it could be done with some confidence and provide a comparison 
with home-built hydrophones. The calibration curve supplied with the 
probe is shown in fig. 6.5.1. It can be seen that its frequency 
response was flat within + 1.5dB in the region 1 - 4MHz and to within 
+ 0.5dB from 4MHz to 10MHz. The relatively low signal level 
(-267dB re lV/pPa) necessitated it to be used in connection with a 
broadband amplifier with an input impedance of lMfy^pF. The amplifier 
which came closest to this specification was an EG + G (model 115) with 
a 50MHz bandwidth and a nominal input impedance of lMfy/20pF.
6.5.1 A BASIS FOR VALIDATION OF PREVIOUS RESULTS
Axial and lateral pressure amplitude distributions were obtained 
using the reference probe at 1.065 and 3.24MHz and compared with the 
corresponding data from hydrophone 010 described in Section 6.4.2. 
This comparison between the axial distributions is shown in 
fig. 6.5.2(a) and (b). The agreement is seen to be excellent. The 
nodes in the distribution from the reference probe are deeper and 
sharper as would be expected from a smaller receiver. A comparison of 
lateral distributions provided similar results: an excellent fit
throughout. In the near-field, the sharp features appeared smoothed 
out compared to the reference probe as on axis.
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FIG 6.5.2: Comparison between amplitude distributions taken with hydrophone 010
and the PVDF probe at: (a) f = 1.065 MHz and (b) f = 3.24 MHz.
This similarity fuelled a certain optimism about the validity of 
the measurements performed with hydrophone 010.
6.5.2 CALIBRATION
A reference probe of this nature lends itself most appropriately to 
the calibration of the other hydrophones. As an illustration of this, 
the calibration of hydrophone 010 will now be described.
The reference probe was placed at an arbitrary distance of 8.8mm 
away from the transducer, on the acoustic axis. The transducer was 
excited with 20;is tonebursts with a repetition period of 250ps as 
before. The frequency was swept from 1MHz to 10MHz in steps of 0.05MHz 
and the peak-to-peak voltage output V0^0f from the probe was measured 
at the output of the amplifier via an oscilloscope.
The position of the tip of the reference probe was visualised using 
a travelling microscope and the former was replaced by hydrophone 010 
with its tip in the same position. The experimental procedure was 
repeated and a set of values for the hydrophone output voltage V0^0 
measured at the output of its built-in pre-amp were obtained. The 
interpretation of the calibration g r a p h  fig. 6.5.1 may at first seem 
rather confusing as the ordinate is in dB re l V / p P a . Let this be 
denoted by R(dB) then the absolute pressure corresponding to a voltage 
output of V0(volts) from the reference probe is given by
p = v0 X 10-1^ 20 (pPa) (6.5)
If the output of hydrophone 010 was V010 at a given frequency, then 
its absolute response Rg^0 (dB) was calculated as follows
v010 = v010 x l g B / 2 0  (VOltS/jOES) 
P V
H
^ 0 1 0 “^ olog^g - 20 logj0 ^ 0 2 0 + R (dB re lV/jiPa)
P V
H
The response of hydrophone 010 (Rg^ vs frequency) is shown in 
fig. 6.5.3. It can be seen that although it is between 35dB and 48dB 
more sensitive than the reference probe, the response is not constant 
with frequency. Ihe variation in sensitivity is seen to be around 12dB 
over the frequency range of 1 - 10MHz. A distinctive feature of the 
response is the peak at 4.95MHz which may be due to the mounting of the 
piezoelectric element onto the glass tube.
6.5.3 EFFECTIVE VELOCITY AMPLITUDE
According to 0*Neil's theory (see section 2.3) for the pressure 
field of a spherical cap transducer, the pressure P, at the geometrical 
centre of curvature is given by
P = £cuQkh
where ^ , c are the density and velocity of the propagation medium, k 
is the wave number, h is the depth of the shell and uQ is the velocity 
amplitude at the surface of transducer assuming piston-like behaviour. 
Rearranging this equation, we get an expression for the velocity 
amplitude
TiTm »n |T rm n ii p i i n m i{»i iffrrn yi H i i i i i i i i i f n i ' i i i i n | m m -i i n i n i i i n i ] i i i i i i i i n i i i i n i i n i i i i i i i i i | i i i i i n i i | i i n i i i i i
®drf / (At ej QP)
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As the parameters on the right hand side are all known or can be 
measured, uQ can be calculated.
The reference probe was positioned with its tip at z = 10cm and the 
transducer excited as in the previous section. TWO measurements were 
made at each frequency: the peak-to-peak hydrophone output voltage V0
and the peak-to-peak input voltage to the transducer Vg. The frequency 
was varied from 1 - 10MHz in steps of 0.1MHz.
The 'effective' velocity amplitude per unit input voltage to the 
transducer was calculated as a function of frequency using equations
6.5 and 6.6 viz
since c k = 2 n f .
The resulting curve is shown in fig. 6.5.4.
There are 5 major resonances at frequencies of 1.1, 3.2, 5.4, 7.6
and 9.8MHz. There are also 4 minor peaks at 2.0, 4.4, 6.6 and 8.8MHz. 
The major resonance peaks are at approximately uneven integer multiples 
of the fundamental at 1.1MHz while the minor peaks are at even integer 
multiples of this frequency. The first three major resonances 
correspond very closely to the resonance frequencies of the transducer 
as seen by various hydrophones previously described.
Clearly, if the transducer was acting like an ideal piston 
throughout the frequency range and the value of h was a constant then
(6.7)
Vg x 2irfh£
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the curve of velocity amplitude vs frequency would be the resonance 
curve of the transducer. The fact that the effective value of h 
appears to vary with frequency then this variation would have to be 
taken into account in equation 6.7. As this is not practically 
feasible then the word 'effective1 has been used to qualify the 
velocity amplitude.
Some of the data for uq were 'corrected' by substituting calculated 
values for h ^ ^  from figs. 4.4.4 and for the cases of 1.065 and 3.24MHz 
described in section 6.4.2 and are shown by the circles in fig. 6.5.4. 
Although clearly there are not enough points to draw any firm 
conclusions, the afforementioned data has not radically affected the 
shape of the resonance curve. The maximum variation in h ^ ^  with 
respect to the nominal value of h was + 50% and if this is assumed to 
be the maximum variation throughout the whole frequency range of 
1 - 10MHz, then clearly only the regions surrounding the resonance 
peaks would be affected. Based on this consideration, the uncertainty 
in the actual response frequencies would be + 0.2MHz for this 
particular transducer.
6.6 CONCLUSIONS
It has been shown that amplitude distributions measured by 
different hydrophones at different times within a period of 12 months 
can differ considerably in the near-field. Two possible reasons were 
identified for this, namely: ageing effects of the transducer and
differences in the construction of the probes involved. It was not 
possible to distinguish between the two effects and it was thought very 
unlikely that both of these reasons contributed to the.final effect. 
Some evidence of ageing of the transducer was inferred from the 
observation at one particular frequency, that the similarity between
results from different hydrophones was best for the case of two sets
obtained within the shortest period of time.
The implication of the variability of near-field data was most
profound in the context of the calculation of effective parameters
using the 'two-point1 method. Whereas the position of the first axial
s .
node on the trai|ducer side of the centre of curvature was consistent m
all cases, this was not so for the position of the second node.
In such a situation or when the position of the second node was 
undefined it was found that satisfactory effective parameters could be 
calculated using the position of the first axial node and the position 
of the first off-axis node at the geometrical centre of curvature.
A study of non-linear effects was undertaken and a scheme proposed 
to separate possible non-linear effects arising from the transducer, 
the medium and the receiver. It was discovered that the transducer 
excitation voltages which could be supplied using the present equipment 
were too low to produce any detectable non-linear effects from any of 
the above sources.
A set of phase measurements has been presented and has been shown 
to compare favourably with theoretical calculations based on effective 
parameters. These results which are believed to be among the first for 
a spherical bowl transducer in this frequency range have been confirmed 
independently by Madsen et al, 1981. Amplitude measurements taken at 
the time of the phase measurements were compared with results using a 
'well behaved', calibrated PVDF hydrophone and the excellent agreement 
augmented confidence in the veracity of the phase measurements.
The use of a calibrated probe as a reference for calibration was 
demonstrated for hydrophone 010. The frequency response of the latter 
was seen to rise monotonically in the range 1 - 10MHz with a resonance 
around 5MHz. The variation in the frequency response was ~12dB.
A novel method, using the analytical expression for the pressure 
amplitude at the geometrical centre of curvature, was proposed for the 
calculation of the effective velocity amplitude on the surface of the 
transducer assumed to be vibrating as a piston. Hie variation of the 
effective velocity amplitude with frequency revealed resonance peaks 
which were found to be at uneven integer multiples of the fundamental 
resonance. The method based on the value of the depth of the shell, h, 
being kept constant with frequency was compared with the data 
'corrected1 by previously obtained values of h ^  at some specific 
frequencies. It was surmised that based on an ambiguity in the value 
of h ^  within + 50% of the nominal geometrical value the true 
resonances of the transducer could be determined within + 0.2MHz.
It was felt that the 1MHz transducer had been characterized and 
since some of the results were still not conclusive some new 
transducers should be obtained . Armed with a firm basis of experience 
gained as a result of the work described in this chapter, it was 
proposed to adopt a more refined approach to the characterization of 
further transducers. This is described in the next chapter.
CHAPTER 7
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CHARACTERIZATION OF A NEW BATCH OF TRANSDUCERS IN WATER
7.1 INTRODUCTION
As the results of the experiments on the 1MHz transducer described 
in Chapters 4 and 6 were somewhat inconclusive, it was decided to 
repeat the measurements on some similar new transducers. Hiree such 
transducers were purchased (Systems & Instrumentation, Pershore), 
having a nominal radius of curvature of 100mm, an aperture of 7.5mm in 
diameter and a nominal frequency of 2MHz. Hie transducers were 
nominally identical except for the backing of the disks. One was 
unbacked (2ML), one was 'medium damped' (2MM) and the third was 
'heavily damped' (2MH). Hie damping material was a mixture of tungsten 
powder and epoxy resin and although the exact proportions were unknown, 
the difference between the 'medium' and the 'heavily damped' backing 
was an increased concentration of tungsten powder.
Hie major obstacle impeding any further progress was the 
instability of the computer program FIELD, described in section 5.4, 
which was used to generate the theoretical distributions. At this time 
the author discovered a paper by Madsen et al, (1981), in which a new
approach for calculating the complex pressure field was described. Hie 
transducer was again modelled as a piston source but the double
Rayleigh Integral was decomposed to a single integral plus an extra
term. A new computer program was written, based on this analysis, 
which proved to be very stable and more efficient to run. Hie new
approach will be described in section 7.2.
With the demise of hydrophone 010, it became necessary to obtain a 
replacement. A similar hydrophone was built and this will be described 
in Section 7.3. A new methodology for the characterization of the new 
transducers, based on past experience, was adopted and will be 
described in Section 7.4. Hie experimental work will be described in 
Section 7.4 followed by the analysis in Section 7.6 - 7.8.
7.2 A MODIFIED THEORETICAL MODEL
As the analysis of Madsen et al formed the theoretical basis for 
the computer program which was used to generate all the theoretical 
amplitude distributions in the remainder of this thesis, it is 
particularly relevant to discuss their model in some detail.
7.2.1 THE THEORY OF MADSEN ET AL
.. ■ The solution for the
complex pressure field of the spherical cap transducer was defined for 
two regions which are shown in fig 7.2.1. Hie region inside the cone 
shaped surface was referred to as Region I and included the axis of 
symmetry. It consisted of a finite volume to the left of the centre of 
curvature and an infinite volume to the right. Region II included the 
remaining volume to the right of the circular ring defining the 
boundary of the radiating element and also to the right of the surface 
of a large-angle cone B which was tangent to the radiating element at 
its circular boundary. Hie points in this region could be 
characterized with the criterion that no straight line passing through 
any one of them and through the centre of curvature at (0,0) was also 
perpendicular to the transducer surface, except for points lying on the 
conical surface separating Regions I and II.
/Xn
\
\
FIG 7.2.1 DIAGRAM SHOWING THE DIVISION OF FOCUSSED 
TRANSDUCER FIELD INTO REGIONS I AND II.
FIG 7.2.2 COORDINATE SYSTEM FOR THEORETICAL DERIVATION OF PRESSURE FIELD.
The origin of the Cartesian coordinate system was placed at the 
centre of curvature, the z-axis being the axis of symmetry and the 
x-axis perpendicular to the z-axis in the plane of the page in 
fig. 7.2.2. CVing to the circular symmetry of the problem, values for 
x > 0 only needed to be computed. Hie coordinate, z, was positive to 
the right of the origin and negative to the left.
Starting from the Rayleigh Integral, the velocity potential at a 
point Q (x,z) (shown in region II) was given by
where k was the wavenumber. Hie '+' sign was chosen in the exponential 
exp(H-ikr'), following the approach of Morse and Ingard (1968), instead 
of exp(-ikr') used by O'Neil. u was the normal component of the 
velocity on the surface of the transducer and was taken to be given by
d a 1 was the surface area element, S the area defining the radiating 
surface and r 1 the distance from the element da' to the field point 
Q (xrz). The acoustic pressure, as with O'Neil, was taken as the real 
part of
¥ (x,z) = uq exp(ikr') da' (7.1)
J 2irr' 
S
u = uo exp(-iwt) for uQ > 0 (7.2)
P = = -iw(j$ = -ikc^P
with the exception of the '-' sign as O'Neil used a '+' sign in the 
exponential of equation 7.2.
The complex differential quantity dp was defined as
- iw£U exp(-iwt) escpCikr*) da1 (7.3)
dp  ------ £ ---------
2 tt r '
from which
P = <3p
*
s
REGION II
The point Q (x,z) in region II was then considered. Referring to 
fig 7.2.2f Q' defined a source point in the x-z plane, s was the 
distance from the centre of curvature to Q, 8 the angle between s and 
r 1. The angle ^ = tan”^(x/z), ¥  was the angle subtended by Q* 
at (0,0). zp and xp were Cartesian coordinates having a common origin 
with the (x,z) coordinate system rotated about (0,0) by <[). n was a 
unit vector directed from the origin (0,0) toward the transducer face 
and parallel to the axis of symmetry of the transducer. The quantities 
a, A, and r 1 were as defined above. The dashed line passed through Q 1 
and was perpendicular to zp .
Madsen et al found an expression for da' in the following way: 
consider the intersection of two spherical surfaces, one of radius r 1 
centred at Q(x,z) and the other of radius A centred at (0,0). This 
intersection defines a circle of radius r'sin© in a plane passing 
through Q' and perpendicular to the z -axis as shown in fig 7,2.3(a). 
An arc of this circle lies on the radiating element. The angle 
defining this arc equals 2(3 where (3 is the angle subtended by the edge 
of the surface layer at the centre of the circle. A clearer 
perspective is shown in fig 7.2.3(b).
It can be seen that since r'sin© = A sin(¥ + ({)), the area element, 
da', on the transducer surface, all points of which are of the same
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distance r*from Q(x,z) is given by
da* = 2(?A sin(? + <[)) A cfi>
As the angle (j) is constant for a fixed Q(x,z) then defining
we have dX = d¥ and thus
da* = 2(3 A^ sinotdtx
The limits on <x are (?u .+ (|)) and (-?u + <()).
Defining r'((9) as the position vector of Q" with respect to ( 
shown in fig 7.2.3(b) such that
r'((3) = + 3 y + lLz^
* P P Jp-fa P P
then in terms of spherical polar coordinates referred to xp and zp
xp = r1 sin© cosg
zp = r* cos© 
and n = l sin$ + k cost)
(7.4)
as
thus
Also
r'.n = r* sin© cos(? sin(|) + r1 cos© Cos(J) = (A^ - a2)^/2 + z
r'2 = A2 - s2 + 2r's cos©
and r* sin© = A sin*
Now, (3 can be defined as
-1
= cos
z + (A2 - a2)1/2 - (rf2 + s2 - A2)/2s cos^ )
[r*2 - ((rf2 + s2 - A2)/2s]2 J1/2 sin$> 
The law of cosines also results in
r* = /[A2 + s2 + 2As Cosa]
so changing the variables of integration from U  to r 1 yields
(7.5)
P = - i£ U  wA
V  s
r« max
(r1) exp(ikr') dr’
rmin
where
and
rmin = ^ a2 + s2 + 2 ^  cos($u + £)]
rmax = v/[A2 + s2 + 2As cos(¥u - (p)]
(7.6)
REGION I
Region I is characterised by the criterion that for each field 
point Q(x,z) there exists a straight line through the point which is 
also perpendicular to the transducer surface. This allows the 
separation of the transducer surface into two parts including a small 
focussed transducer with the same radius of curvature as the larger.
Gie small transducer has a projected radius of A sin 01^ - (j)) and its 
axis of symmetry makes an angle (j) with the z-axis. Hiis is best seen 
in fig 7.2.4.
As a result, the pressure field could be expressed using two terms: 
the first consisting of the integral for Region II (equation 7.6) and 
the second in closed-form using O'Neil's expression for the pressure 
field on axis. So the full expression for Region I was found to be
P = - q  u wA
TTs
I rmax
(?(rf) exp(ikr') dr* + F  
\ rmin
\
(7.7)
where (?(r') was given by equation 7.5 and r ^  and rmax are the same as 
above. The expression for F in terms of the geometry of fig. 7.2.2 was 
given by
F =
I r* 1 111*1 exp ik(A + zs) - exp
zk |z|
o o 
ik[A + s + zAs cos(^F • 1/2
Izj
(1.8)
It can be seen that on the z - axis (x=0), the integral does not 
contribute and the solution is given by the O'Neil term. It should be 
noted that Madsen et al used a variable u = kr1 in equations 7.6 
and 7.7 and the integration was performed with respect to u. For the 
sake of computational simplicity when a complex value of k was 
introduced, the present author used r 1 as the integration variable.
//
smaller focussed transducer
FIG 7.2.4 DIAGRAM SHOWING THE POSITION OF THE SMALLER FOCUSSED TRANSDUCER 
FOR FIELD CALCULATIONS IN REGION I.
7.2.2 AN IMPROVED NUMERICAL ANALYSIS
A new computer program POLABS was developed in FORERAN. Ihis was
essentially along the lines of FIELD described in section 5.4. Indeed, 
the same form of output was produced and the same subroutines for the 
receiver model were used. It was decided to introduce absorption into 
the above theoretical model. Madsen et al suggested that this could be 
done by introducing a complex wavenumber k 1 = k + iji(w), where /a is the 
attenuation coefficient in nepers per unit length. Ihey did not 
provide solutions for this in their paper.
It can be seen that the introduction of the complex k* yields the 
following solution for Region II
r
max
P = -iw£UQA 
t t s
exp(-jurf) exp(ikr') @ (r1) dr1 (7.9)
rmin
which is the same as equation 7.6 with the addition of the exp(-ur:) 
term in the integrand.
This expression was then expanded to yield real and imaginary 
integrands
rmax
p = -eu0wA
TTS
[iexp(-;ur') Q  (r') cos(kr') - exp(-pr') £ (r*) sin(kr')] dr'
rmin
or in terms of the program POLABS
P = -euowA x (PI + i P2) 
TTS
where max
Pi = - exp(-pr*) Q  (r*) sinkr1 dr*
rmin
'max
and P2 = exp(-/ir*) (3(r*) coskr1 dr*
min
Q  (r’) was calculated in the following way: 
A  quantity RAT = cos^(r *) was defined as
RAT = JUM 
DEN
where NUM and DEN were the numerator and denominator in equation 7.5. 
As the PRIME computer had no facility to calculate the cosine function, 
Q  was calculated viz:
( 3 = tan-1 H i  - RAT2 1 
RAT
The expression for F in region I in equation 7.8 was modified by the 
introduction of.the complex wavenumber to
F =
k - ip . "tt|z [ exp(-pARGl) exp(ikARGl) - exp(-pARG2) exp(ikARG2)
2 2 k + yr
where
and
ARG1 = A + zs
|z|
ARG2 = A + s2 + 2As cosOi, - z<t>)11 ‘ 
lz|
1/2
This was separated into real and imaginary parts such that
1 TrJzJ (ANSR + i ANSI)
F = --------    *
k2 +  p 2  z
where ANSR = EXP(-yu*ARGl)* [ (K*COS(K*ARGl) + /** (SIN(K*ARG2)) ]
-EXP (-ju*ARG2) * [ (K*COS (K*ARG2) + /** (SIN(K*ARG2)) ]
and ANSI = EXP(-/**ARG1)* [ (K*SIN(K*ARG1) - M *  (COS(K*ARGl)) ]
-EXP(“/^ARG2)*[(-K*SIN(K*ARG2) +/** (COS(K*ARG2)) ]
There was a discontinuity at (0,0), the centre of curvature, 
however, as s = 0 at that point and the function F was indeterminate. 
A solution to this problem involved the use of l'Hopital's theorem 
which states that for a quotient
f(x)
h(x) = ----
9(x)
if f(x) - g(x) - 0 at X = a then
lim f(x) f'(a)
h(a) =  = ------
x ■* a g(x) g'(a)
where the prime means differentiation with respect to x. In this case, 
we have F(s)/g(s) where g(s) = s and f(s), the rest of the expression 
and f (0) = g (0) = 0. An expression for F(0) was found by this method 
viz
F(0) = - £ u qw z  exp(-^iA) (i coskA - sinkA)
The coefficients of the complex pressure in Region I were given by
PREAL =
-^uowA PI + TTlZl 1 ANSR
S z (k2 + u2)
PIMAG =
-^ U QwA P2 + tt| z |ZJ 1 ANSI
s z (k2 + u2)
and in Region II by the first terms in the brackets.
The pressure amplitude, AMP, and phase, PHI, were then calculated by
as in Chapter 5.
Hie integration was performed using the NAG Library subroutine 
D01AKF. The subroutine was used to evaluate each integral to a 
specified absolute accuracy using Gauss-Kronrod rules in an adaptive 
strategy.
7.2.3 COMPARISON BETWEEN THE THEORIES OF O'NEIL AND MADSEN ET AL
The main difference between the analyses of O'Neil and Madsen et al 
was in the integrand in the Rayleigh Integral. Madsen et al used 
the term uoexp[i(kr'-wt)] (equation 7.1) whereas O'Neil used 
uQexp[i(wt-kr')]. Both terms represent outward going waves but the 
difference lies in the definition of the phase angle at the origin. 
Since
AMP = (PREAL2 + PIMAG2) 1 / / 2
PHI = tan”1! PIMAG
PREAL
exp(kr1 - wt) = exp(iTr) exp(wt - kr')
it can be shown that if the terra exp(wt-kr') is used in the preceding 
analysis the amplitude will be the same but the sign of the real term 
PREAL will be reversed so that for Madsen et al
PHI = tan"1 PIMAG
PREAL
and for O'Neil
_1 ' PIMAGPHII = tan"
-PREAL
and PHI is related to PHII by
PHI = - PHII
Axial and lateral distributions were computed at several discrete 
frequencies namely 1.5, 2.0, 2.5, 4.0 MHz using the program FIELD and
the new program PQLABS for the case of zero attenuation. The 
normalised amplitudes agreed to at least two decimal places and the 
values of the phase angles, in the context of the above analysis were 
the same to within 0.005 degrees. The validity of the introduction of 
the complex attenuation coefficient was justified by subsequent results 
obtained both in water at high frequencies and in castor oil. These 
results will be discussed in the remaining part of this chapter and in 
subsequent chapters.
7.3 HYDROPHONE CONSTRUCTION AND CALIBRATION
The two designs of hydrophone used up to this point had one feature 
in common which was responsible for their eventual demise, namely the 
epoxy adhesive. Although in the short-term this appeared to be 
waterproof, prolonged immersion in water and perhaps 'ageing* of the 
compound resulted in its deterioration. Clearly a new adhesive was 
needed.
The hydrophones 010 and 011 were considered to be very good so it
was decided to adopt the general design. At this stage, the ultimate 
objective of the work was to measure the acoustic field inside animal 
tissue which would involve inserting the hydrophone into the tissue 
itself. For this purpose, the probe would have to be rigid and robust 
so the glass capillary tube had to be replaced by another material.
An irritating problem with the hydrophones 010 and 011 was that the 
pre-amplifier was not shielded electrically and so was prone to 
extraneous noise. T o  overcome this and the problem of rigidity, the 
glass was replaced by 19SWG stainless steel hypodermic wire and the 
perspex body by aluminium. T h e  piezoelectric disc which was 1.0irm in 
diameter and had a nominal resonant frequency of 15MHz was cut by 
P.R. Filmore (Filmore & Chi vers, 1982) and had a 25pm gold wire 
thermally bonded to one face. A pre-amplifier identical to those in 
010 and 011, built and tested by the same author was incorporated into 
the present probe. The gold wire was threaded through a JVC sleeve and 
inserted into the hypodermic wire. Hie PZT disc was cemented onto the 
tip of the wire with Araldite 2004 (Ciba - Geigy Ltd) e^.poxy adhesive 
as shown in fig. 7.3.1. Hiis particular adhesive was chosen as it was 
considered to be waterproof by the manufacturer.
Hie frequency response of the new hydrophone was determined using 
the reference PVDF hydrophone, as described for hydrophone 010 in 
section 6.5.2, and is shown in fig. 7.3.2. Comparing this to fig 6.5.1 
it can be seen that the new hydrophone was between 46 and 60dB more 
sensitive than the reference probe. Hie frequency response is also 
seen to be quite different from that of hyd^hone 010. Hie fluctuation 
in the sensitivity of the new hydrophone was +7dB over the frequency 
range 1 - 10MHz.
thermocompression bond 19 SWG hypodermic wire
silver paint
PZT disk
25 pm gold wirepvc sleevingepoxy
insulating varnish
FIG 7.3.1 Hydrophone element mounting.
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7.4 EXPERIMENTAL METHODOLOGY
The methodology adopted for the characterization of the new batch 
of transducers is shown summarised as a flow chart in fig. 7.4.1. Hie 
first stage was to align the acoustic axis of the transducer to be 
tested with respect to the geometrical axes of the test tank as 
described in Section 6.3.2. Using the reference probe, described in 
section 6.5, and the apparatus of fig.4.2.1 the alignment was performed 
in the vicinity of 6MHz, at the apparent third harmonic resonance, in 
preference to the fundamental, as the acoustic beam was more 
directional and the acoustic axis more clearly defined.
Hie probe was then positioned at the nominal geometrical centre of 
curvature (100mm). A resonance curve of velocity amplitude vs 
frequency was obtained as described in section 6.5.3 in the range 
1 - 10MHz as this was the range over which the reference probe had been 
calibrated. From the resonance curve, the frequencies of interest were 
chosen at which the acoustic field would subsequently be measured.
Hie reference probe was replaced by the hydrophone described in the 
previous section and for each frequency of interest, a linearity check 
was carried out. Hie hydrophone was positioned at the true focus and 
the peak-to-peak output voltage was measured as a function of 
transducer input voltage and a curve drawn. Hie same procedure was 
repeated 140mm away from the transducer.Hie first check was largely a 
check for the presence of any hydrophone originated distortion while 
the second was for non-linear distortion due to the propagating medium 
as discussed in section 6.2.
In the particular case of the three transducers, no non-linear
effects were observed within the output of the function generator at
any frequency of interest. All subsequent measurements were taken with
the function generator output set to maximum to improve the
no
linear region
yes
no
IS TRANSDUCER ALIGNED
yes
REALIGN
TRANSDUCER
NEXT FREQUENCY
Axial scan
REDUCE TRANSDUCER
l/P VOLTAGE
Align transducer and hydrophone
lateral scans in X-Z
and Y-Z planes
choose frequencies of interest
Resonance curve:
FIG 7 .4 .1  Experimental Methodology.
signal-to-noise ratio of the hydrophone output. Had there been any 
non-linear behaviour, the previous stage of obtaining the resonance 
curve would have been repeated with successively lower voltages driving 
the transducer until the linear regime was established.
Hie next stage was to set up the equipment as in fig.4.2.1 for beam 
plotting. At each frequency of interest, two sets of perpendicular 
lateral scans were obtained which provided an alignment check for both 
the hydrophone and for the transducer. If the alignment was found to 
be correct, an axial scan was performed, otherwise the transducer 
and/or the hydrophone were adjusted and the process repeated until the 
necessary alignment was achieved.
7.5 EXPERIMENTS IN WATER
Curves of 'velocity amplitude1 vs frequency, determined using the 
methodology of section 6.5.3, are shown in fig. 7.5.1. Since the 
piezoelectric discs were nominally identical,the differences in the 
three curves can be attributed to the different backing material. 
Fig. 7.5.1. (a) shows the response of the unbacked disc. It can be seen 
that there are two clear peaks. Hie fundamental is at 2MHz and the 
second at 6.3MHz which corresponds to the third harmonic. The velocity 
amplitude falls to a minimum in the vicinity of the even harmonics 4 
and 8MHz as expected.
The response of the 'medium damped' transducer is shown in 
fig. 7.5.1.(b). The fundamental resonance is a little lower at 1.85MHz 
and there are anti-resonances at 4MBz and in the vicinity of 8MHz. Hie 
third harmonic is not so clear, however, as there are two peaks, one at 
5.3MHz and one at 6.2MHz with a dip in between at 5.7MHz. 
Fig. 7.5.1.(c) shows the response of the 'highly damped' transducer. 
This has a broader response. The fundamental is at 1.8MHz and there is
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FIG 7.5.1 EFFICIENCIES OF 2MHz TRANSDUCERS : (A) LIGHTLY DAMPED (2ML) 
(B) MEDIUM DAMPED (2MM) (C) HIGHLY DAMPED (2MH).
a minimum at 4 ,55MHz. Ihere is a sharp peak at 5.4MHz, a dip at 6MHz 
and a further, shallower, peak at 6.6MHz. Further peaks in hydrophone 
output were found at 10.44, 10.1 and 11.5MHz for transducers 2ML, 2MM 
and 2MH respecectively. Since the frequency response of the reference 
probe was not known beyond 10MHz (see fig.6.5.1), these frequencies 
were considered as apparent resonances.
Field distributions were obtained at the following frequencies:
TRANSDUCER FREQUENCIES OF INTEREST
UNDAMPED (2ML) (1.87), 2.0, 6.3, 10.44
MEDIUM DAMPED (2MM) 1.85, 5.3, 5.7, 6.2, 10.1
HIGHLY DAMPED (2MH) 1.8, (1.9) , 5.4, 6.0, 11.5 Table 7.5.1
In addition to the frequencies of interest chosen from the 
resonance curve further measurements were taken at 1.87MHz for 
transducer 2ML and at 1.9MHz for transducer 2MH. All the measurements 
were taken using the hydrophone described in section 7.3 and the two 
extra frequencies were chosen because the hydrophone output went 
through a maximum there as distinct from the resonance ’seen1 by the 
reference probe. For each transducer and at each frequency of 
interest, two sets of perpendicular lateral scans and one axial scan 
were performed to obtain the corresponding amplitude distributions. 
For the lateral scans, 10 lines of data were obtained starting at 10mm 
away from the transducer origin. The line separation was 10mm and each
line consisted of 61 measurements at intervals of 0.25mm. Hie axial 
distributions consisted of 521 data points in steps of 0.25mm starting 
from 10mm.
Hie chief features of the axial distributions of the three 
transducers, namely the position of the true focus and the location of 
the first two nodes on the transducer side of the true focus, are shown
in fig. 7.5.2. (a) compared with the corresponding theoretical loci
generated using the nominal geometrical parameters, as described in 
section 4.4.1. In addition, the data between 1.7 and 2.1MHz is shown 
in expanded form in fig. 7.5.2. (b). It can be seen that for the 
transducers 2MM and 2ML, the three aforementioned features are closer 
to the transducer origin than predicted by the theory. For the case of 
transducer 2MH only, the position of the second node is consistently 
closer to the transducer than predicted. Hie position of the true 
focus is in good agreement with the theory for all frequencies. There 
is also good agreement for the position of the first node except at 1.8 
and 1.9MHz where this is closer to the transducer than expected. It 
can also be seen that the discrepancy between theory and experiment 
increases as the damping of the tranducers increases.
7.6 EFFECTIVE PARAMETERS USING z l  AND Zn_
Initially, effective values of a and h were calculated for each
transducer at all frequencies measured by the two point method 
described in Section 4.4.2. using the positions of the first two axial 
nodes z^ and Z2 except for the transducer 2ML at 10.44MHz where the 
second node was ambiguous. Hieoretical axial distributions based on 
these effective geometrical parameters were generated and compared with 
the experimental distributions. Hie results would be classified in two 
categories according to groups of frequencies.
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At low frequencies around the fundamental resonances, the fit was
very poor everywhere except in the immediate vicinity of the nodes. A
typical example is shown in fig. 7.6.1. for transducer 2ML at 2.0MHz.
The nodes in the experimental distibutions were at 17.5mm for z^ and
11.125mm for Z2 . Substituting these values into equations 3.7 and 3.8,
effective values for a and h were obtained such that a = 7.085mm and
err
heff = 0.686mm. A theoretical curve based on these parameters was then 
generated and is shown as the bold curve. It can be seen that the 
predicted true focus is not only closer to the transducer but the whole 
focal region is much narrower and the amplitude decreases far more 
rapidly in the far field.
At the remaining higher frequencies, the fit was much better. A 
typical example is shown in fig. 7.6.2. for transducer 2MH at 6.0MHz. 
Hie nodes in the experimental distribution were at 53mm and 42.5mm for 
and Z2 respectively which resulted in effective values for a and h 
of ag££ = 6.775mm and h0^^ = 0.1877mm. Hie theoretical distribution 
based on these parameters is shown as the bold line. It can be seen 
that the experimentally determined true focus is slightly closer to the 
transducer than predicted but in contrast to the previous case the 
experimental data drops off more rapidly in the far field than for the 
theoretical curve. Otherwise, there is a good agreement in the region 
between the second node and just short of the true focus. These 
results are remarkably similar to the results of fig. 4.4.5 for the 
1MHz transducer.
It was decided to try another approach to find effective parameters 
which would improve agreement with the experimental data especially in 
the far field.
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7.7 EFFECTIVE PARAMETERS USING AND z± 5
According to O'Neil, in the region near the source, the pressure 
maxima almost coincide with the points where the path difference 
between a ray drawn from the transducer origin and one from the edge is 
given by 6* = (n-1/2) , n being an integer. For the first maximum on 
the source side of the true focus, this corresponds to 6 =  1.5X. Using 
equation 3.5 with i = 1.5, this becomes
where z^ is the axial position of the first maximum. Osing the
position of the first node and combining equation 7.10 and
equation 3.5 with i = 1, aef^ and he^^ can be calculated as
Effective parameters for a and h were calculated using the above 
equations as in the previous section and the new theoretical curves 
compared with the experimental data.
Once again the results could be classified into two groups as in 
the previous section. For the low frequency regime, taking the case of 
transducer 2ML at 2MHz again as a typical example, the position of the 
first maximum z^ ^ was at 13.75mm. Using equations 7.11 and 7.12 aeff 
and he££ were found to be 7.15 and 0.714mm respectively. The 
theoretical curve based on these parameters is shown as the bold curve 
in fig. 7.7.1. Comparing this to the previous situation of 
fig. 7.6.1., there is very little difference. The fit is just as poor.
For the higher frequencies, there was a marked improvement,
(7.10)
M 3 z 1 . 5  - 2 z 1 ) + 1.25 X 2 (7.11)
= J [ 2 z 1  (X + heff) + X2 - hrff2 (7.12)
1 . 1 0
UJa
t .66
_J 
CL 
2  
< . «  
UJ 
> 
i—
UJ
IT
. 3 3
 va“—   •&•«“• rrg ‘ •• •< se “•{ ses" ‘ "i se>
AXIAL DISTANCE IN MILLIMETRES
FIG 7.7.1 Comparison between experimental and theoretical distributions at 2.0MHz.
Theory based on effective parameters calculated from the positions of z^  and z^ .g
1
u.c
H
fta
<
u
p
<
aa
••"=i‘(S‘ £<&“---*8— ““A*#...‘^ ‘6----fa
AXIAL DISTANCE IN MILLIMETRES
"3r$f 1 30
FIG 7.7.2 Comparison between experimental and theoretical axial distributions at 6.0 MHz.
Theory based on effective parameters calculated from the positions of zf and Zj.s
however, and this can be illustrated using the case of transducer 2MH 
at 6.0MHz as a typical example. The first maximum was at 5= 42.5mm 
and substituting this into equation 7.11 and 7.12 agff and heff were 
found to be 7.308 and 0.2567mm respectively. The theoretical curve 
based on these parameters is shown compared to the experimental data in 
fig. 7.7.2. The validity of the approximation assumed in equation 7.10 
can now be verified. Although the theory overestimates the position of 
the first maximum, the fit beyond this point is remarkable, extending 
over the rest of the measured region. The fit in the very near field 
has improved also but there is now considerable discrepancy between 
theory and experiment for the region between the first and the third
maxima on the transducer side of the true focus.
A further check of the validity of the method was carried out by 
generating lateral amplitude pressure distributions and comparing them 
with the experimental ones. Each set of scans was normalised to the 
maximum amplitude within the set for both the theoretical and the 
experimental data and superimposed. The complete set of results for 
the three transducers in the upper frequency regime, each consisting of 
an axial distribution and two sets of perpendicular lateral 
distributions as shown in fig. 7.7,3 - 7.7.5.
These results can be assessed in three groups according to the 
transducer. At first glance, transducer 2MH can be considered to be 
the 'best* as not only it has the least asymmetric field of the three 
but also because the agreement between the theory based on effective 
parameters and the experimental data is the closest of the three
(fig. 7.7.5). The effective parameters are the same within the limits 
of uncertainty of the positions of the first node and the first
maximum. The average values vary between 7.222 and 7.445mm for a ^ ^  
and between 0.252 and 0.280mm for h ^ ^  as shown in fig. 7.7.6. The
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FIG 7.7.3(a) : Comparison between theoretical pressure amplitude and normalised
peak-to-peak hydrophone output voltage distributions in water at 6.3 MHz: 
aeff= mm, h0fj= 0.301 mm, c= 1478 ms-1, uA= 0.00103 nepers m m ”1
The bold lines represent theory and the dots, experimental data.
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FIG 7.7.3(b) : Comparison between theoretical pressure amplitude and normalised
peak-to-peak hydrophone output voltage distributions in water at 10.44 MHz: 
aeff= 6.920 mm, h0ff= 0.293 mm, c= 1473 ms-1, uA= 0.00305 nepers m m " 1 
The bold lines represent theory and the dots, experimental data.
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FIG 7.7.4(a) : Comparison between theoretical pressure amplitude and normalised
peak-to-peak hydrophone output voltage distributions in water at 5.3 MHz: 
aQff= 7.760 mm, h0ff= 0.351 mm, c= 1488 ms"1, uA= 0.000702 nepers m m " 1 
The bold lines represent theory and the dots, experimental data.
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FIG 7.7.4(b) : Comparison between theoretical pressure amplitude and normalised
peak-to-peak hydrophone output voltage distributions in water at 5.7 MHz: 
a0ff= 7.410 mm, h0ff= 0.326 mm, c= 1487 ms'1, uA= 0.000780 nepers m m ”1 
The bold lines represent theory and the dots, experimental data.
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FIG 7.7.4(c) : Comparison between theoretical pressure amplitude and normalised
peak-to-peak hydrophone output voltage distributions in water at 6.2 MHz: 
aeff= 7.537 mm, h0ff= 0.346 mm, c= 1488 ms-1, uA= 0.00096 nepers m m -1 
The bold lines represent theory and the dots, experimental data.
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FIG 7.7.4(d): Comparison between theoretical pressure amplitude and normalised
peak-to-peak hydrophone output voltage distributions in water at 10.1 MHz 
a0ff= 7.001 mm, h0ff= 0.259 mm, c=  1486 ms"1, uA= . 0.0025 nepers m m  
The bold lines represent theory and the dots, experimental data.
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FIG 7.7.5(a) : Comparison between theoretical pressure amplitude and normalised
peak-to-peak hydrophone output voltage distributions in water at 5.4 MHz: 
a0ff= 7.298 mm, h0ff= 0.260 mm, c= 1487; ms-1, uA= 0.000714 nepers m m " 1 
The bold lines represent theory and the dots, experimental data.
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FIG 7.7.5(b) : Comparison between theoretical pressure amplitude and normalised
peak-to-peak hydrophone output voltage distributions in water at 6.0 MHz: 
aQff= 7.308 mm, e^ff= 0-257 mm, c= 1483 ms-1, uA= 0.0009 nepers m m " 1 
The bold lines represent theory and the dots, experimental data.
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FIG 7.7.5(c): Comparison between theoretical pressure amplitude and normalised
peak-to-peak hydrophone output voltage distributions in water at 6.6 MHz: 
a0ff= 7.222 mm, h0ff= 0.252 mm, c= 1483 ms"1, uA= 0.00109 nepers m m -1 
The bold lines represent theory and the dots, experimental data.
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FIG 7.7.5(d) : Comparison between theoretical pressure amplitude and normalised
peak-to-peak hydrophone output voltage distributions in water at 11.5 MHz: 
a0ff= 7.445 mm, h0ff= 0.280 mm, c= 1479 ms-1, uA= 0.00344 nepers m m -1 
The bold lines represent theory and the dots, experimental data.
9 -j 
8 -  
7 -  
6 -
5 -
3  EFF 
mm 4 -
3 -
2 -
1 -
0
If  * f
2MM 
2MH
iji 2ML
“I
128 9
Frequency MHz
10
i
11
0.5  H
C .4 -
0.3  -
"E F F
mm
0.2 -
2MM
2MH
2ML
12119 107 865
Frequency MHz
FIG 7 .7 .6  Effective parameters as a function of frequency.
Upper diagram shows a and the lower diagram h
EFF EFF
same can be said for the transducer 2ML at the two frequencies measured 
(fig.7.7.3). In this case, a ^  is lower at between 6.884 and 6.920mm 
and he££ lies between 0.293 and 0.301mm. Although the fit between 
theory and experiment is very good beyond the first node, the average 
amplitude in the near field is much lower than predicted at both 
frequencies.
Transducer 2MM (fig.7.7.4) had the least symmetric field of the
L
three at the frequencies measured. This is particularjy evident in the 
x - z plane. Although the fit for the axial distributions is as good 
for the other two transducers, it is not as consistent for the lateral 
distributions. Bearing this in mind, the asymmetry of the field there 
has fairly good agreement at 5.3 and 5.7MHz but this becomes very poor 
at 6.2 and 10.1MHz where the fit is only good for the main lobe in the 
far field. It is interesting to note that there is a much larger 
spread in the values of the effective parameters compared with the 
previous two transducers: a ^  varies between 7.00 and 7.76mm and he^^
between 0.259 and 0.351mm as shown in fig. 7.7.6.
7.8 ITERATIVE SOLUTIONS AT LOW FREQUENCIES
Since all the previously described techniques had failed to produce 
effective parameters which could be used to generate realistic field 
distributions in the low frequency regime another method had to be 
found.
The closed-form solution for the on-axis pressure amplitude is 
given by O'Neil as
as previously described in section 2.3.
Let the pressure amplitude at an arbitrary distance z ^ f be Pj and 
that at a distance z2 be P2 (z^ and Z2 should not be confused with the
symbolism used previously for the positions of the axial extrema).
2 2
Using the geometrical identity A =( a + h )/ 2h the ratio P y ^  can 
be written as
(a2 + h2 - 2hz22) sink ([z.^  - h)2 + a2 ]1/ 2 - z^)
P2 (a2 + h2 - 2hz12) sink ([z2 - h)2 + a2 ]1/ 2 - z2)
where a and h can be replaced by agff and heff. If a0ff can be 
obtained in some way then this equation can in principle be solved for 
heff In practice, however, this solution involves much complicated 
algebra and it is simpler to solve by graphical means or by an 
iterative method. ae^  was calculated from the locus of the first 
minima in the lateral distributions as described in section 3.4.1.
A computer program was written to solve for hgff using an iterative 
technique and is shown in fig. 7.8.1. as a flow chart. Four pairs of 
data points from the experimental axial distributions (P^, Zf),(P2 , z2) 
were used for each transducer at each frequency of interest. Each pair 
of points gave rise to one value of hef f  if the four results were 
within ±0. 1 mm the average was adopted as hgff to be used in the 
subsequent generation of the theoretical distribution. If the values 
obtained showed a considerable spread then the choice of data points 
were reviewed as appropriate. H was increased from an initial value of 
0.1mm in steps of HSTEP = 0.1mm. For each value of H and for each pair 
of data points (z^, p^), (z2 , P2 ) the L.H.S. and R.H.S. of equation 
7.13 were calculated and the ratio R = R.H.S./L.H.S. taken. If H was 
too small then R < 1 and H was increased until R > 1 when it was too
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FIG 7.8.1 ILLUSTRATION OF ITERATIVE TECHNIQUE FOR THE DETERMINATION OF h EfF
large. At this point, HSTEP was divided by 10 and H was decreased in 
steps of HSTEP until R < 1. This process was repeated every time R 
changed sense. HSTEP would be divided by 10 and its sign reversed. In 
this way, H would oscillate about its true value until after 6 
iterations, the value of H would be taken as h^^.
As a typical example, consider the case of transducer 2ML
at 2.0MHz. Although the off-axis pattern was fairly symmetric in the
y - z plane, this was not true for the x - z plane and this posed an
interesting problem. Fig. 7.8.2 shows the positions of the first
off-axis minima as a function of the axial position of the lateral
scans. It can be seen, that the data from the y - z plane and one side
of the x - z plane are fairly close and a line can be drawn through
them which passes through the origin and the point x = 6.25mm at
z = 100mm. The minima from the other side of the x - z plane are
further from the axis but a straight line can be drawn which also
passes through the origin and the point x = 7.25mm at z = 100mm. Using
equation 3.2, the former defines an effective radius a ^  = 7.294mm and
err
the latter agf^ = 6.292mm. It was initially decided to accept the
former and treat the latter as an anomaly.
The next stage was to choose four pairs of data points, (P^, z^), 
^ 2' z2^' ^rom t i^e distribution shown in fig. 7.8.3 and P was the
normalised amplitude at a distance z. Some selected points were the 
following:
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2 0.304
3 0.892
4 1.000
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7 0.743
8 0.662
9 0.595
10 0.530
1 1 0.480
12 0.436
13 0.402
For the first attempt, the data pairs and the calculated h ^ ^  
shown below
Z1 z2
heff(mm)
2 13 0.6276
3 11 0.4174
4 9 0.3575
5 7 0.3488
.8.1
are
.8.2
The data pairs were chosen to encompass the largest region possible 
and since the values of h ^ ^  were significantly different for each 
pair, it suggested that no fit could be obtained over the entire region
between 2 and 13cm. It was then decided to identify systematically the 
region over which a possible fit could be obtained. This was done by 
having the same value of for each pair and keeping z ^  the same as 
above. The results are shown below
0.4107
0.4174
0.4250
0.42360.4411
0.3458
0.3523
0.3575
0.35700.3724
0,3221
0.3290
0.3324
0.3428 0.3300
It can be seen as the region of fit is shortened away from the 
transducer, the values of h ^ ^  decreased and became more consistent. 
The fit, however, using the average values of h0f^,_hel=£, was poor for 
all three cases. The best fit was obtained with heff = 0 .333 and is 
shown in fig. 7.8.4. The fit is fairly good in the region z > 5cm as 
predicted for both the axial and the lateral scans but is extremely bad 
for z < 5cm. Another thing one can notice is that the fit can only be 
achieved if both the experimental and theoretical data are normalised
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FIG 7.8.4 : Comparison between theoretical pressure amplitude and normalised
peak-to-peak hydrophone output voltage distributions in water at 2.0 MHz 
a0ff= 7.294 mm, hQff= 0.333 mm, c= 1491 ms-1
The bold lines represent theory and the dots, experimental data.
at z = 5cm. In all cases, heretofore described, the curves normalised
at the position of the true focus.
It was then decided to repeat this procedure for the "anomalous"
case of fig. 7.8.2 with a ^ ^  = 6.292mm. The results were as follows
0.2129
0.2123
0.2091
0.2100 0.2111
0.2001
0.1981
0.1901
0.19390.1871
0.2103
0.2084
0.1972
Table 7.8.40.20270.1948
This time the values of h ^ ^  were very close together for all the
cases. Taking h ^  = 0.2027mm as the average result a much improved
fit was obtained as shown in fig. 7.8.5(b). There was now a good
agreement for both axial and lateral distributions in the region 
z > 3cm. For the lateral scans the experimental main lobe appears to 
be slightly narrower than the theoretical one except for one side of 
the x - z plane which was used to define where the minima were
predicted accurately. This example which is considered to be typical 
was unique in the sense that two distinct values of a e ^  could be 
obtained. In the remaining four cases, the positions of the off-axis 
minima were close together for the x - z and y - z planes and a 
straight line could be drawn between them passing through the origin. 
The iterative approach for h£ff was repeated and the effective 
parameters obtained are summarized below
TRANSDUCER FREQUENCY
(MHz)
aeff(nm) heff(mm)
2ML 1.87 6.419 0.150
2.00 6.292 0.203
2MM 1.85 7.006 0.233
2MH 1. 8 8 7.177 0.203
2MH 1.90 7.165 0.229
The theoretical distribution based on these parameters were 
superimposed on the experimental data and are shown in 
fig.s 7.8.5(a - e). At each frequency the fit is good for z > 3cm both 
on and off-axis except for transducer 2MM at 1.85MHz where the lateral 
distribution in the y-z plane was particularly assymetric in the near 
field. Good agreement was obtained, however, for z > 5cm. It is 
interesting to note that the effective parameters shown in Table 7.8.5 
are lower that those obtained for the corresponding transducers in the 
upper frequency range (fig 7.7.6).
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FIG 7.8.5(c) : Comparison between theoretical pressure amplitude and normalised
peak-to-peak hydrophone output voltage distributions in water at 1.85 MHz: 
aQff= 7.006 mm, heff= 0.233 mm, c= 1484 ms"1
The bold lines represent theory and the dots, experimental data.
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FIG 7.8.5(d): Comparison between theoretical pressure amplitude and normalised
peak-to-peak hydrophone output voltage distributions in water at 1.80 MHz 
aQff= 7.177 mm, h0ff= 0.203 mm, c= 1479 ms"1
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FIG 7.8.5(e) : Comparison between theoretical pressure amplitude and normalised
peak-to-peak hydrophone output voltage distributions in water at 1.9 MH 
a0{f= 7.166 mm, h0ff= 0.229 mm, c= 1481 ms-1
The bold lines represent theory and the dots, experimental data.
7,9 CONCLUSION
Three techniques for finding effective parameters have been 
described. It was shown that where the first two nodes on the 
transducer side of the true focus could be defined (ie at high 
frequencies), the effective parameters obtained could be used to 
generate theoretical distributions which offered a better fit to the 
experimental data than those based on nominal geometrical parameters. 
A good fit was generally found in the region between the second node z 
and the position of the true focus. Beyond the true focus, the 
experimental data fell off more rapidly than predicted. It was 
possible to extend the fit into this region by calculating effective 
parameters based on the first node and the position of the first 
antinode 5 . In this case an approximation for z^ ^ was used. The 
fit was good in general for the region z > z^ in the near field, 
however, the fit was poor.
In the vicinity of the fundamental resonance (~2MHz) neither of the 
above methods could be used to obtain effective parameters which would 
provide a good fit. a ^ ^  was calculated from the loci of the first 
off-axis minima in the lateral distributions and then an iterative 
method was adopted to obtain h ^ ^  which involved taking several pairs 
of data points from the axial distributions. A good fit was obtained 
at all frequencies for z > 4cm.
It is now possible to suggest a methodology for finding effective 
parameters for any similar focussed transducer which is shown as a flow 
chart in fig. 7.9.1. It should be noted that the iterative solution 
for hef£ is only likely to work at low frequencies where there is no 
significant difference between the axial distribution obtained with a 
point receiver and that obtained with a finite receiver (see 
section 5.5). At higher frequencies the effect of a finite receiver is
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to produce a relatively sharper fall off in amplitude beyond the true 
focus. In addition to this, as the frequency is increased, the
absorption in water increases and this starts to be significant beyond
about 5MHz and produces a similar effect to that of the finite
receiver. If the iterative method were attempted for a transducer
at 10MHz say the value of h ^ ^  would be too high. A  further iterative 
technique would then have to be adopted which would essentially involve 
guessing what the amplitude in the axial distributions would have been 
in the absence of absorption and of a finite receiver.
Having found a set of effective geometrical parameters which could 
be used successfully to predict field patterns in water, the next stage 
was to introduce significant absorption into the system to see if the 
effective parameters were also valid in this new regime.
CHAPTER 8
EXPERIMENTS IN CASTOR OIL
CHAPTER 8
EXPERIMENTS IN CASTOR OIL
8.1 INTRODUCTION
From the acoustical point of view, all materials absorb and/or 
scatter energy resulting in the attenuation of the amplitude of a 
propagating wave. If a plane wave of initial amplitude, Aq , propagates 
in a medium whose attenuation coefficient is p nepers per metre, then 
after a distance, z, the amplitude, A, will be given by
A = Aq exp(-pz)
The attenuation coefficient is the sum of the absorption 
coefficient, u^, and the scattering coefficient, such that
»  = P a  + ^
and the two components cannot usually be measured separately. A 
further problem is that materials such as tissue are essentially 
inhomogeneous rendering propagation studies extremely difficult. It 
was decided to 1 build* a medium which was isotropic with controllable 
properties. In spite of the ultimate interest in solid or semi-solid 
materials (i.e. tissue), it was decided to use a fluid suspension for 
ease of manufacture, for simpliity in terms of the wave types involved 
and because of the possibility of penetration i.e. of sampling the
interior of the medium without significant disturbance of its 
structure. The choice of materials for the suspension was constrained 
by economics, availability and suitable parameters.
The first stage was to find a suitable liquid for the matrix. In 
order to maintain scatterers in suspension for a considerable period of 
time, the material would have to be fairly viscous which suggested an 
oil or a resin. Secondly, it was proposed that if the liquid was 
absorbing and had a similar velocity to that of water, which is 
effectively lossless, then a comparison of field patterns in the two 
media would isolate the effect due to absorption alone. It was further 
proposed that by introducing known scatterers to this matrix and 
comparing field patterns in the suspension to those in the matrix 
alone, the effect of the scatterers could be isolated.
The liquid chosen for the matrix was castor oil which has a 
velocity close to that of water at room temperature. A curve showing 
the temperature dependencies of the velocities of castor oil and water 
is shown in fig. 8.1.1(a) It can be seen that the two liquids have the 
same velocity of 1487ms”* at 22°C.
The choice of scatterers and subsequent experimentation in the 
suspension will be discussed in the next chapter. The present chapter 
will deal with the propagation of focussed ultrasound in castor oil 
alone. The measurement of pressure amplitude distributions will be 
described in section 8.2 followed by analysis of the results in 
section 8.3 and section 8.4. In section 8.3, a novel method for the 
measurement of the absorption coefficient will be described. The 
temperature dependence of the attenuation coefficient in pure castor 
oil is shown in fig. 8.1.1(b).
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8.2 AMPLITUDE DISTRIBUTIONS IN CASTOR OIL
It was initially intended to repeat the measurements described in 
the previous chapter for all the transducers at all frequencies of 
interest. Due to the increasing attenuation with frequency, however, 
experimental data could only be obtained for frequencies around the 
fundamental resonances of the three transducers. Five sets of data 
were obtained viz
TRANSDUCER FREQUENCY (MHz)
2ML 1.87, 2.0
2MM 1.85
2MH 1.80, 1.9
Although the absorption coefficient is quite sensitive to 
temperature as shown in fig. 8.1.1(b), no temperature control was used. 
Hie purpose of the experiments was to determine whether the theoretical 
calculations based on the effective parameters, determined from the 
pressure amplitude distributions in water, could be used in a strongly 
absorbing medium. For these purposes, it was only sufficient to know 
the temperature at which the measurements were taken. The maximum 
variation in temperature over the time taken to complete either an 
axial scan or a set of lateral scans, about an hour, was +, 0.1°C. The 
effect on the amplitude distributions due to this variation was much 
smaller than the experimental errors and subsequently ignored.
The experimental set up for the measurement of the field 
distributions differed from that used in the previous chapter in that a 
smaller tank was used inside the larger tank to minimise the volume of 
castor oil. The alignment procedure was the same as before. For each
transducer at each frequency of interest, two sets of perpendicular 
scans were taken to ensure that the acoustic axis was aligned with the 
geometrical axis of the measurement system. In each plane, 10 lines of 
data were taken in steps of 10mm starting at 10mm away from the 
transducer origin. Each line consisted of 61 data points at 0.25mm 
intervals. For the axial distribution, 521 data points were taken at 
0.25mm intervals in the range of 10 - 130mm. The results are shown in 
fig. 8.2.1 together with, theoretical data which will be discussed in 
section 8.3.
The effect of absorption can be clearly seen by comparing the axial 
distribution in castor oil from transducer 2ML at 1.87MHz fig. 8.2.1(a) 
to the corresponding scan in water in fig. 7.8.5(a) since the 
velocities are the same, namely, 1472ms“^. It can be seen that the 
axial maximum is closer to the transducer origin than before and that 
the width of this peak is much narrower. It is also important to 
notice that the height of this peak relative to the adjacent peak has 
decreased which could serve as a possible index of defocussing. In 
some cases, notably for transducer 2MH at 1.8MHz and 1.9MHz the last 
axial maximum is no longer the maximum amplitude in the field so it 
becomes difficult to consider it as a true focus.
8.3 CALCULATION OF THE ABSORPTION COEFFICIENT
In order to be able to generate theoretical pressure amplitude 
distributions to compare with the experimental results, it was 
necessary to determine the absorption coefficient of the castor oil for 
each case. It was discovered that this could be determined by 
comparing the axial distributions in castor oil with the corresponding 
distributions obtained in water previously (section 7.5). The 
underlying principle of this novel method is based on O'Neil's theory.
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FIG 8.2.1(a) : Comparison between theoretical pressure amplitude and normalised peak- 
to-peak hydrophone putput voltage distributions in castor oil at 1.87 MHz: 
aQff= 6.419 mm, heff= 0.15 mm, c= 1472 ms-1, uA= 0.01945 nepers m m ’1 
The bold lines represent theory and the dots, experimental data.
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FIG 8.2.1(b): Comparison between theoretical pressure amplitude and normalised peak- 
to-peak hydrophone putput voltage distributions in castor oil at 2.0 MHz: 
aef{= 6.292 mm, hQff= 0.203 mm, c= 1479 ms_i, uA= 0.02394 nepers m m ”1 
The bold lines represent theory and the dots, experimental data.
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FIG 8.2.1(c): Comparison between theoretical pressure amplitude and normalised peak-
to-peak hydrophone putput voltage distributions in castor oil at 1.85 MHz: 
aQff= 7.006 mm, heff=0.233 mm, c=1471 ms-1, uA= 0.01667 nepers m m ”1 
The bold lines represent theory and the dots, experimental data.
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FIG 8.2.1(d): Comparison between theoretical pressure amplitude and normalised peak- 
to-peak hydrophone putput voltage distributions in castor oil at 1.8 MHz: 
aQfj= 7.177mm. hQ^= 0.203 mm, c= 1494ms-1, uA= 0.02325 nepers m m -1 
The bold lines represent theory and the dots, experimental data.
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FIG 8.2.1(e): Comparison between theoretical pressure amplitude and normalised peak- 
to-peak hydrophone putput voltage distributions in castor oil at 1.9 MHz: 
aeff= 7!166 mm, h0fJ= 0.229 mm, c= 1500 ms'1, uA= 0.02591 nepers m m " 1 
The bold lines represent theory and the dots, experimental data.
8.3.1 THE PRINCIPLE OF THE METHOD
Starting from the closed form solution for the acoustic pressure 
distribution on the axis of a focussed transducer radiated into a fluid 
(equation 2.2)
2igcu . sin (kS/2) . exp[i(wt - kM)] (8.1)
P = ----- -
1-z/A
where c, £ are the velocity and density of the fluid, uQ is the
surface normal velocity amplitude of the piston-like source, k = 2t/X,
X is the wavelength, S and M are defined by
6 = /[(z - h)^ + a^] - z (8.2)
M = 6/2 + z
Loss in the liquid can be incorporated by writing the wavenumber, k, in 
complex form
k = k - ip
equation 8.1 then becomes
2iQcu . sin (k - ip)6/2 . exp[i(wt - kM + ipM)]
P = ------
1-z/A
Putting the sine function into exponential form and rearranging we have
Q cu0 (exp(ik6/2) exp(p6/2) - exp(-ik5/2) exp(-p6/2))
1-z/A
x exp(-pM) exp i(wt - kM)
qcuq (exp(ik6/2) exp[-jj(M - 6/2)] - exp(-ik6/2) exp[-;i(M +6/2)]) 
1-z/A
x exp i(wt - kM)
since (M - 6/2) = z and (M + 6/2) = 6 + z .
For 6 «  z we have
P = £ cuq ( exp(ik6/2) - exp(-ik$/2) ) exp(-piz) exp i(wt - kM)
1-z/A
= 2gcuQ exp(-jiz) . i sin(k6/2) e,xp L 
1-z/A
Thus the amplitude of the axial pressure is given by
P = 2ecuQ exp(-pz) . sin(k6/2) 
1-z/A
(8.3)
If we write the pressure amplitude at axial position z in medium 1 as 
Pj and that in another medium 2 as P2 where the media have respective 
densities of ' sPee(^ s sound c^, C2 and attenuation
coefficients of u^ and U2 then from equation 8.3 we have
and
P1 = 2- uo
P0 = 2 u.
sin kj6/2
1 - z/A
s m  k2
exp(-p-,z)
. (02c2 exp(-^2z)
thus
sin k26/2 q 2 c 2  • exP “ 0*2 " ^  
sin kj6/2 ^^c^
whence In = In
sink28/2
sinkj6/2
+ In £2c2
^ic i
(p 2 ~ p i ^ z  <8*4)
Therefore, subject to the constraint 6 «  z it can be seen that the 
natural logarithm of the ratio P2 to P^, as a function of z is a 
straight line with a gradient of - p 2) and an intercept of
In [(sin k26/2)/(sin k^S/2)] x [6i c i/^2c 2-^ ' Provi^e^ that
term is sensibly independent of z over the range which measurements are
made.
The occurrence of axial minima in the field implies that in regions 
such as these, the ratio P2/Pi would become indeterminate in value and 
these regions should be avoided for measurements. According to O'Neil, 
provided h <X , there are no extrema beyond the true focus. This is a 
characteristic of weakly focussed transducers such as the ones under 
consideration. In this case h «  z and the condition 6 «  z is 
primarily derived from the relationship between the aperture, a, and 
the axial distance, z, as can be seen from equation 8.2 which reduces 
to
8 = /[z2 + a2] - z
Clearly, if a «  z , then 8 «  z and the analysis is valid to a good 
approximation.
The major constraint on the technique is that the first two terms 
on the r.h.s. of equation 8.4 should be independent of z. Whereas the 
ratio of the characteristic acoustic impedances may vary without any 
practical constraint, it can be seen that since 8 is in general a 
function of z, the first term imposes limitations on the speeds of the 
two media in relation to the positions at which measurements are made
through
1^6 = n TT+ (-l)n k2 &
Solutions for this of n = 1 have limited practical value and the 
constraint is essentially that k^ = k2 i.e. the speed of sound is 
(almost) the same in the two fluids.
B.3.2 RESULTS IN CASTOR OIL
The choice of castor oil as an absorbing medium provided an ideal
system to verify the validity of the proceeding analysis using water as
the reference medium as the velocities in the two liquids were very 
close. Table 8.3.1. summarizes the temperatures at which measurements 
were taken in the two media and the corresponding velocities taken from 
the literature.
TRANSDUCER FREQUENCY
(MHz)
WAT
TEMPERATURE
(°C)
ER
VELOCITY
(ir/s)
CASTOR
TEMPERATURE
> c f  *
OIL
VELOCITY
( m / s )
2ML 1.87 17.7 1472 25 1472
2.00 23.4 1492 23.4 1479
2MM 1.85 21.1 1484 25.3 1471
2MH 1.80 19.9 1479 19.9 1494
1.9 20.1 1481 19.3 1500
TABLE 8.3.1
At each frequency, the natural logarithm of the ratio of the 
amplitude in castor oil relative to corresponding amplitude in water at 
a given distance, z, was plotted against z. The results are shown in 
fig. 8.3.1. It can be seen that a straight line could be made to fit 
the data over a considerable region. The deviation at high values of z 
was due to a decreasing signal-to-noise ratio in the received 
amplitude, while that at small values of z was due to large 
fluctuations in the near field, where the condition 6 «  z does not 
hold. The best straight line was found by a least squares fit in the 
range 4cm < z < 10cm. Using equation 8.3, the slope of the line was 
identified as -(p2 t where pj and p2 were t i^e absorption 
coefficients in water and castor oil respectively. The cut-off, 
however, was not related to l n ^ c ^ ^ c ^ J  as the measurements in water 
and castor oil were not taken with the same amplifier gain. The values 
of (p2 -p^) obtained were compared to calculated values based on data 
taken from (Dunn et al, 1969) for p^, and from (Nozdrev, 1965) for p2 .
2L 3/3
The frequency dependencies of p^ and p2 were taken as f and f; 
respectively. The two sets of values are compared in Table 8.3.2.
TRANSDUCER FREQUENCY
(MHz)
MEASURED
ATTENUATION
COEFFICIENT
(Nepers/m)
CALCULATED
ATTENUATION
COEFFICIENT
(Nepers/m)
% DIFFERENCE
2MHz 1.87 19.45 20.93 7.5%
LIGHTLY
DAMPED 2.00 23.94 25.31 6.0%
2MHz
MEDIUM 1.85 16.67 20.55 12.0%
DAMPED
2MHz 1.80 23.25 25.22 9.0%
HIGHLY
DAMPED 1.9 25.91 28.47 10.0%
TABLE 8.3.2
F = 1.90MHz
GRADIENT=25.91 Nepers/metre
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FIG 8.3.1 (a) The natural logarithm of the ratio of the amplitude in castor oil 
relative to the corresponding amplitude in water plotted as a function of distance.
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FIG 8.3.1 (b) The natural logarithm of the ratio of the amplitude in castor oil 
relative to the corresponding amplitude in water plotted as a function of distance.
At all frequencies the 1measured* values were higher than the 
calculated values by 6 - 12%. This was considered to be a good 
agreement as there was a similar discrepancy between quoted values for 
the absorption coefficient in castor oil throughout the available 
literature.
8.4 AMPLITUDE DISTRIBUTIONS IN CASTOR OIL
The effective parameters obtained from the pressure amplitude 
distributions in water described in section 7.8, were used with the 
values of absorption coefficient obtained in the previous section to 
calculate the corresponding theoretical distributions. The results are 
shown superimposed on the corresponding experimental data in 
figs. 8.2.1 (a - e). The quality of fit is very similar to that in 
water (figs. 7.8.5(a - e)) in that the axial range over which the fit 
is good is the same in both media. This is not surprising as the 
velocity is very similar. The degree of asymmetry of the acoustic 
field which was apparent in the near field in water is found to be 
greatly exaggerated in castor oil. This is most apparent for the case 
of transducer 2MM at 1.85MHz in the y - z plane fig. 8.2.1(c) and is a 
direct consequence of the relative decrease of the height of the last 
axial minimum. Whereas in the case of water, the last axial maximum 
had the largest amplitude in the field, this is no longer true in 
castor oil where the maximum can be in the near field as in the case of 
transducer 2MH at 1.8MHz fig. 8.2.1(d). All the results, 
figs. 8.2.1 (a - e) have been normalised to the last axial maximum 
except for the case of transducer 2MM at 1.85MHz, where a reasonable 
fit could only be obtained by normalising the theoretical and 
experimental data at a point further away from the far field. The 
region over which an acceptable fit was obtained was consistent with
that in water, fig. 7.8.5(c), i.e. for z > 50mm. At the other 
frequencies, a good fit was generally obtained for z > 30mm.
8.5 CONCLUSION
It was shown that efffective parameters calculated from pressure 
amplitude distributions in water could be used to generate theoretical 
distributions in an absorbing medium which were in good agreement with 
experimental measurements. The range over which a good fit was 
obtained was the same as that in water owing primarily to the 
similarity in the velocities of castor oil and water.
A novel method based on 0*Neil's theory was developed to measure 
the difference in the attenuation coefficient of two liquids having 
similar velocities. It was found that the absorption coefficients in 
castor oil measured in this way, using water as a reference liquid, 
compared favourably to the values quoted in the literature.
The next logical step was to introduce scattering into the system 
and this will be described in the next chapter.
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SCATTERING MEASUREMENTS
9.1 INTRODUCTION
Having considered the propagation of focussed ultrasound in 
absorbing and 'non-absorbing1 liquids, the next logical step was to 
introduce some scatterers and study the effect of these on the acoustic 
field. In their studies on focussed ultrasonic beams in human tissue, 
Foster and Hunt, (1979), suggested that there was defocussing of the 
ultrasonic beam in brain, liver and breast tissue. Their experimental 
method, described in section 2.7, was considered inconclusive for the 
reasons already discussed in that section. If there was defocussing in 
human tissue this would have strong implications both from the 
diagnostic, or imaging, and the surgical point of view. It was decided 
to carry out a 'defocussing' study in a medium in which the scatterers 
would be stronger than commonly used to model tissue and under 'worst 
case' conditions.
Since the preceeding experiments had been carried out in castor 
oil, this was chosen as the matrix for the scattering medium. The 
choice of the scatterer was not so straightforward as this was 
dependent on the commercial availability. After due consideration, 
polystyrene spheres having diameters in the range of 200 - 500pm were 
chosen. The considerations in making this choice will be outlined in 
section 9.3.
In order to study the effect of the scatterers on the acoustic
field, it was first necessary to take some measurements in the 
castor-oil alone. Of the three available 2MHz transducers, the 'highly 
damped' one, (2MH), was chosen as this was the most broadband 
(see fig.7.5.1) and also produced the most symmetrical field patterns 
of the three (see figs.7.8.5 and 8.3.1). It was discovered that the 
available range of frequencies was 1 - 2.5MHz. The lower limit was set 
by the properties of the transducer and the upper limit by the 
attenuation in castor oil.
Axial and lateral pressure amplitude distributions were measured 
using the system described in the previous chapter at frequencies of 1, 
1.25, 1.5, 1.75, 2.0, 2.25 and 2.5MHz. At each discrete frequency, the 
axial distribution was obtained first, from which the position of the 
true focus was determined. Lateral scans were then performed at two 
places: one at this position, the second at the position of the
geometrical centre of curvature (100mm) and for each scans were taken 
in the x - z and y - z planes.
A similar set of results was later obtained in a 1% by volume
suspension. The axial distributions were used to determine the
contribution of the scatterers to the overall attenuation coefficient 
following the method described in section 8.3.1. The lateral scans 
were compared to determine the degree of 'defocussing*. These analyses 
will be described in section 9.4.
In the final phase of the work, which will be described in
section 9.5, the frequency dependencies of the attenuation coefficients 
in the 1% and a 2% suspension were determined and compared with the 
relevant theory. The starting point for all the work was the
preparation of the 1% suspension.
9.2 SUSPENSION PREPARATION
9.2.1 CHOICE OF SCATTERERS
The primary consideration in setting up the suspended system was
the requirement that the solid particles would have to remain in
suspension for a time sufficient for the measurements to be taken.
This constraint required that the density of the suspended particles
3 —3
would have to be close to that of the castor oil (0.96 x 10 kgm ) 
which implied a polymeric material.
The size and shape of the scatterer had to be considered next. It 
was important that the scatterers would be as small as possible 
compared to the size of the hydrophone and within this constraint and 
for the range of usable frequencies available, 1 - 2.5MHz, would 
produce a strong scattering effect. It was noted from theoretical 
curves of backscattering vs frequency (Chivers & Anson, 1981) that most 
materials in a spherical form exhibited a peak or resonance in the 
range of 0 < ka < 2 where k is the wavenumber and a the radius of the 
spheres. If resonance effects were to be observed, it was discovered 
from typical wave velocities of polymeric materials that spheres would 
be required in a diameter range of 100 - 500pm.
The material which appeared to give the best density match with the 
castor oil was high density polythene whose density was in the range of 
0.93 - 0.96 x 10^ kg m^ (Kaye and Laby, 1973). Unfortunately, this 
material was only available in chips of 2 - 3mm as used in injection 
moulding applications. Although it was possible to have these chips 
ground to the correct size, the cost was considered prohibitive. A 
good compromise was found in polystyrene beads, obtained from Insulpak 
Ltd. The material was in spherical form in a size range between 
200 - 500pm in diameter. The density of polystyrene was unknown but
3 —3
was estimated as 1.04 x 10 kg (Kaye and Laby, 1973), providing a 
good density match with castor oil. The value for longitudinal 
velocity at 25°C was quoted as 2350ms~* (Kaye and Laby, 1973). From 
the acoustical point of view, the scatterers were fairly strong 
relative to the oil matrix, providing refractive index variations of 
about 35%, which was much higher than is normally used to model tissue 
(see e.g. Wells, (1977)).
A test suspension of a sample of beads in castor oil showed that as 
a result of the high viscosity of the latter, the settling time of the 
beads was sufficiently long for experimental work on this system to be 
viable.
9.2.2 PARTICLE SIZE DISTRIBUTION ASSESSMENT
An initial assessment of a sample of polystyrene spheres using a 
set of calibrated sieves and a chemical balance, revealed the 
fractional distribution of sizes by weight as shown below in 
Table 9.2.1
RANGE OF DIAMETERS 
,d, IN MICRONS
PERCENTAGE OF 
TOTAL BY WEIGHT
425 < d < 500 56.68%
355 < d < 425 31.77%
300 < d < 355 9.17%
d < 300 2.38%
Table 9.2.1
The size ranges were limited by the availability of standard 
sieves. As can be seen, the majority of the spheres had diameters in 
the range 425 - 500pm. A more detailed size distribution was obtained 
by image analysis using a Cambridge Instruments Quantimet 920. A 
histogram is shown in fig. 9.2.1. The sample size (~500) was limited
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by the optical system. The average diameter was 374pm with a standard 
deviation of 32pm. Ideally, it would have been desirable to have 
particles of a single size but as the range of available mesh sizes was 
limited, this was clearly not possible. Since one can never be sure 
that all particles with diameters less than the mesh size will go 
through the mesh during a finite sieving time, it was decided to 
collect the particles which passed through a seive rather than those 
which remained in it. Obviously the narrowest range of sizes would 
have been obtained using the 300pm seive, however, since the fraction 
of beads with diameters less than 300pm was so small, it would have 
taken too long to obtain a usable amount.
Instead, a compromise was reached by collecting the fraction which 
passed through the seive with a 425pm mesh. A sample of this fraction 
was analysed using the Quantimet and from the resulting histogram, 
shown in fig. 9.2.2, it can be seen that the average particle size was 
323um with a standard deviation of 26.5pm.
9.2.3 MIXING PROCEDURE
The density of the polystyrene spheres was unknown but was taken to 
3 -3
be 1.04 x 10 kg m , (Kaye and Laby, 1973), and, based on this 164.6g 
of spheres were added to 15.67 litres of castor oil in the acoustic 
test tank to give a 1% mixture by volume. Two propeller type stirrers 
were used to disperse the spheres evenly in the oil. The mixture was 
left to stand for 2 days to ensure that any air bubbles would have come 
up to the surface. Most of the spheres had settled to the bottom 
except for the smallest which had remained in suspension. T w o  
identical stirrers were used to redistribute the spheres uniform ly in 
the mixture and then subsequently switched off. After about half an 
hour, it was noticed that some of the spheres had started to settle
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down as there was a significantly sparser distribution of spheres near 
the top of the mixture than elsewhere. The stirrers were switched on 
for about 5 minutes to disperse the beads and then the transducer was 
excited and some preliminary observations were made.
9.2.4 PRELIMINARY OBSERVATIONS
For a particular frequency and hydrophone position, the hydrophone 
output was not constant but was continuously varying about a mean 
value. The fluctuations were random and frequency dependent, being 
very small at 1MHz and increasing with frequency. One factor 
contributing to the magnitude of the fluctuations was probably due to 
the fact that the size of the sensitive element of the hydrophone 
(1mm diameter) was comparable to the size of the scatterers. As a 
result of this, a single bead passing close to the hydrophone tip could 
produce an appreciable variation in output.
As well as being random, the amplitude varied fairly slowly with 
time so that the digitizing process (section 4.2.3) which had been used 
for previous experiments could not record a correct value for the mean 
amplitude. The amplitude remained fairly constant over a period of one 
boxcar sweep (~ls), however, so that an accurate instantaneous value 
could be obtained. When the stirrers were switched on, the rate of 
change of amplitude increased.
9.3 MEASUREMENT OF PRESSURE AMPLITUDE DISTRIBUTIONS IN A 1% SUSPENSION
It was decided to obtain a set of amplitude distributions at 
frequencies of 1, 1.25, 1.5, 1.75, 2, 2.25 and 2.5MHz in the way 
described in section 9.1 for the castor oil alone. A set of axial 
measurements was taken in steps of 0.25mm starting from 10rnm away from 
the transducer origin and extending to 140mm. It was discovered, 
however, that due to increasingly rapid amplitude fluctuations, the 
results for frequencies beyond 1.5MHz became difficult to interpret. A 
second similar set was also obtained with the stirrers on.
The axial distributions in the stationary suspension and with the 
stirrer on are shown respectively in figs 9.3.1 and 9.3.2, superimposed 
on the corresponding distributions in pure castor-oil. Unfortunately 
the results at 1.25MHz, with the stirrer on, and at 2.25MHz with the 
stirrer off were lost. An initial subjective assessment revealed that 
all the distributions had several features in common. Firstly the mean 
amplitude for the case with the stirrers on appeared to be higher than 
the mean amplitude in the stationary suspension, although the profiles 
of the distributions were similar. Secondly the degree of fluctuation 
about the mean was lower with the stirrers on than without but in both 
cases this appeared to increase with increasing mean amplitude. These 
effects were clearly due to the digitization process and in particular 
to the boxcar system.
The fact that fluctuations about the mean were lower with the 
stirrers on than without, implied that the mean could be determined 
with a greater certainty, and with fewer measurements, than in the 
stationary medium. In addition if a relationship existed between the 
amplitude parameters in the stationary and stirred media, this would 
permit the field in the stationary medium to be determined indirectly 
from measurements taken with the stirrers on. The calculation of the
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attenuation coefficients from the data in figs 9.3.1 and 9.3.2 provided 
a means for establishing this relationship.
9.3.1 CALCULATION OF THE EXCESS ATTENUATION COEFFICIENT
In the previous chapter, in section 8.3.1, it was shown how the 
attenuation coefficient in one medium could be calculated using an 
axial pressure distribution, due to a focussed transducer in that 
medium, in conjunction with a similar distribution in a reference 
medium, in which the attenuation coefficient was known and provided 
that the velocities in the two media were nearly equal. The excess 
attenuation coefficient, - p^), in medium 2, relative to medium 1, 
was given by equation 8.4 as
where and Q 2 ' c2 are t i^e densities and velocities in the two
are the pressure amplitudes in media ^  and X  respectively at a distance 
z, from the transducer.
For each frequency, the quantity In P2 (z)/P^(z), where the 
subscripts 1 and 2 refer to the pure castor oil and the suspension 
respectively, was calculated and is shown plotted as a function of z in 
fig. 9.3.3 for the stationary regime and in fig. 9.3.4 for the stirred 
medium. Hie best straight line through the points in the apparently 
linear region was found using a least squares fit. Hie particular 
z - range chosen for the fit was not the same at all frequencies but 
was the same for both sets of results at each frequency. Hie deviation 
from a straight line for values close to the transducer was due to the 
presence of amplitude extrema whereas at large distances from the
1
z
(9.1)
is the reference attenuation m  medium 1 aiiu P-» (z), jt'o^ z)
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transducer ( > 100mm ) this was due to a low signal to noise ratio. 
The gradient of the straight line can be identified as the excess 
attenuation coefficient, (p2 - p^) f in equation 9.6 above.
The results are summarised in Table 9.3.1 below
FREQUENCY
(MHz)
TEMPERATURE OF 
CASTOR OIL PC)
TEMPERATURE OF 
SUSPENSION (°C) (NEPf&S/^TRE)
1.00 20.8 - 20.9 21.4 - 21.8 1.51 + 0.07
* 21.4 - 22.0 1.56 + 0.07
1.25 18.8 - 19.0 20.5 - 20.9 2.38 + 0.09
1.50 20.4 - 20.5 19.7 - 20.0 15.55 + 1.23
* 20.5 - 21.4 15.81 + 0.75
1.75 21.0 20.1 - 20.4 29.83 + 1.85
* 23.6 - 24.8 24.61 + 0.92
2.00 19.6 - 19.8 19.6 - 19.8 29.89 + 3.48
* 20.8 - 21.7 30.39 + 2.72
2.25 20.6 - 21.0 * 23.2 - 24.8 16.22 + 1.60
2.50 21.6 - 21.8 22.2 - 23.0 13.57 + 1.84
* 22.6 - 23.0 11.82 + 1.46
n.b. * denotes stirrers on
TABLE 9.3.1
Column 2 shows the range of temperature over which the axial 
distribution was measured in castor-oil alone. Column 3 shows the 
temperature range for the measurements in the 1% suspension and 
column 4 the attenuation coefficient. The starred quantities in 
columns 3 and 4 refer to the case with the stirrers on. The 
uncertainties in the excess attenuation coefficient were calculated 
using the formula for the standard error in the mean* (Topping, 1972) 
and are higher for the stationary than the stirred media, as expected.
It can be seen that, within these limits of uncertainty, the excess 
attenuation coefficients are the same, in both the stationary and 
stirred media, at the frequencies at which both sets of data were
available, with the notable exception of 1.75MHz. It should be seen 
that, at this frequency, the measurements with the stirrers on were 
taken at a higher temperature. It can be seen, in addition, that with 
the exception of the case of the stationary medium at 2.0MHz, the 
temperatures at which measurements were made in the suspension were 
different from the temperatures at which * the cor responding
distributions were obtained in the castor-oil alone.
The excess attenuation coefficient was 'corrected' for this
temperature difference by taking account of the temperature dependence 
of the attenuation coefficient of pure castor-oil shown in
fig. 8.1.1(b). It can be shown that, by adding the difference in the 
attenuation coefficient of the oil at the temperatures of the 
suspension and the temperature in column 3, this would result in the 
'corrected' values of excess attenuation coefficient shown in
table 9.3.2 below.
FREQUENCY
(MHz)
AVERAGE
TEMPERATURE
(°C)
'CORRECTED'
(NEP?RS/&TRE)
1.00 21.6 1.81 + 0.07
* 21.8 1.86 + 0.07
1.25 20.75 3.54 + 0.88
1.50 19.85 14.77 + 1.23
* 20.95 16.20 + 0.75
1.75 20.25 30.83 + 1.85
* 24.2 28.41 + 0.92
2.00 19.7 29.89 + 3.47
* 21.25 32.39 + 2.71
2.25 * 24.0 20.82 + 1.60
2.50 22.6 16.37 + 4.95
* 22.8 14.62 + 3.16
n.b. * denotes stirrers on
TABLE 9.3.2
It can be seen that the 'corrected1 values for the excess attenuation 
coefficient, in the stationary and stirred media, are in agreement 
within the limits of uncertainty at all frequencies including the case 
at 1.75MHz.
It is difficult to intercompare the excess attenuation coefficients 
directly, as a function of frequency, as they refer to different values 
of temperature in the suspension. It can be seen, however, that the 
excess attenuation coefficient is very small at 1.0MHz, rises up to a 
peak between 1.75 and 2.0MHz and subsequently falls thereafter. It was 
felt that this peak in excess attenuation coefficient was a real effect 
and not an artefact as the variation in temperature was small. The 
variation of excess attenuation as a function of frequency was 
subsequently determined experimentally and this will be described in 
section 9.4.
According to equation 9.2 the cut-off on the ordinate axis can be 
identified as the logarithm of the ratio of the acoustic impedence of 
the suspension with respect to that in castor-oil. Although the axial 
pressure distributions in figs 9.3.1 and 9.3.2 have been plotted on the 
same scale the data has been corrected for the different amplifier 
gains used in the measurements. The data in figs 9.3.3 and 9.3.4, 
however is shown in its uncorrected form implying incorrect values for
V
the cut-offs on the ordinate axis. It was discovered, after 
correction, that the cut-offs for the case of the stationary suspension 
were all zero within the limits of statistical uncertainty. It was not 
possible, however, to estimate the true value of the cut-off as the 
error bars involved were larger than the cut-off which was expected 
from the simple mixture rule approach.
The equality of the excess attenuation coefficients implied that 
the mean amplitudes in the stationary and stirred media at a given
distance were proportional to each other.It was suggested at the end of 
the last section that the degree of fluctuation of amplitude about the 
mean may be proportional to the mean amplitude itself. This hypothesis 
was tested in the following way.
9.3.2 THE RELATIONSHIP BETWEEN THE DEGREE OF FLUCTUATION AND THE MEAN 
The inversion of equation 9.1 yields the following relationship 
between the amplitude distribution in the suspension, P2 (z), and the 
corresponding amplitude distribution in castor-oil, P^(z):
P2 (z) = C PjCz) exp -(p2 - Pi)z (9.2)
where C =C2c2/Qlc i *
Since the excess attenuation coefficient, (p2 ~ Pj), was determined 
in the previous section by fitting a straight line to the data in 
figs 9.3.3 and 9.3.4, this quantity was strictly the mean excess 
attenuation coefficient. Inserting this value into the right hand side 
of equation 9.2 would give a prediction for the mean amplitude in the 
suspension, ?2 (z). The constant, C, was derived from the cut-off on 
the ordinate axis in figs 9.3.3 and 9.3.4. The quantity P2 (z) was 
calculated as a function of z at all of the frequencies under
consideration for both cases of stationary and stirred suspensions. 
The respective results are compared with the corresponding measured 
distributions in figs 9.3.5 and 9.3.6.
It was expected that the distribution of P2 (z) would provide a good
fit to the measured distributions only within the axial extent over
which the straight lines had been fitted. It can be seen that the
agreement is good at all frequencies, over the whole range of 
measurement, starting from about 20mm away from the transducer. The 
best agreement, however, is seen in the central part of the
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FIG 9 .3 .5 (a ) Comparison between the predicted 'mean' axial amplitude distribution
and the experimental data in 1% suspension with the stirrers o ff.
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FIG 9 .3 .5 (c ) Comparison between the predicted 'mean' axial amplitude distribution
and the experimental data in 1% suspension with the stirrers o ff.
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FIG 9.3 .6(a) Comparison between the predicted 'mean' axial amplitude distribution
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FIG 9 .3 .6 (b ) Comparison between the predicted 'mean' axial amplitude distribution
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FIG 9 .3 .6 (c) Comparison between the predicted 'mean' axial amplitude distribution
and the experimental data in 1% suspension with the stirrers on .
distributions. For this reason the axial extent spanning from 
40 - 90mm was chosen for further analysis.
In order to see whether the degree of scatter about the mean was 
proportional to the mean itself, the fractional variation in amplitude, 
AP = [P2 (z) - P2 (z)]/P2 (z), was calculated and plotted against axial 
distance. The results are shown in fig. 9.3.7 and 9.3.8 from which it 
can be seen that in all cases the variation of A P about zero is 
uniform throughout the axial range and hence independent of the mean 
itself. In other words it has been shown that the variation of 
amplitude about the mean, namely the quantity ^ ( z )  - P^fz), was 
directly proportional to the mean, P2 . The next stage was to obtain a 
quantitative estimate for the variation of A P  with frequency. VJhereas 
this was readily available from the plots in figs 9.3.5 and 9.3.6 the 
data had been obtained over a range of 5 ° C  (see Table 9.3.1) and the 
temperature dependence was an unknown factor. It was resolved to 
obtain the information in a simpler way within a smaller temperature 
range.
9.3.3 THE QUANTIFICATION OF THE DEGREE OF AMPLITUDE FLUCTUATION AS A 
FUNCTION OF FREQUENCY
The hydrophone was positioned on the acoustic axis, 3.9cm away from 
the transducer, which happened to be the position of the true focus in 
the pure castor oil at 1.75MHz • 120 amplitude measurements were taken
using the boxcar system over a period of 3 minutes, first with the 
stirrers on and subsequently this was repeated with the stirrers off. 
This procedure was carried out at frequencies of 1, 1.25, 1.5, 1.75, 2, 
2.25 and 2.5MHz. The number of data points and the time between
measurements were chosen to be the same as that used for previous 
lateral scans. The measurements were all taken over the temperature
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range of 21.2 - 21.8 C. T h e  results are shown in fig. 9.3.9 from which 
the following can be seen. At each frequency, the measurements with
the stirrer on, shown as crosses, were higher than the corresponding 
points with the stirrer off, shown as circles, and fluctuations in both 
sets of values increased with the increasing frequency.
Consider, for example, fig. 9.3.9(c) which shows the case at 2MHz. 
The true mean amplitude and standard deviation about the mean, in the 
stationary medium, are represented by and APt and the
corresponding values, with the stirrer on, by P and APe . Ihe
S  5
percentage difference between P and P. , namely the quantitys r
[(Ps - Pfc /Pt ] x 100%, was calculated at each frequency and is shown 
plotted against frequency in fig. 9.3.10(a). It can be seen that
starting at about 3% at 1MHz, the curve rises monotonically to about 
70% at 2.5MHz after which it appears to level off. Fig. 9.3.10(b) 
shows the variation of the standard deviations as a percentage of the 
mean, ( A P fc /Pt ) x 100% and ( APg /Pg ) x 100%, with frequency. It 
can be seen that starting from 3% at 1MHz these quantities increase to 
15%, with the stirrer on, and to 47% with the stirrer off. Based on 
the results and observations of the last two sub-sections the following 
indirect method for the measurement of the field parameters in the 
stationary suspension is proposed.
9.3.4 AN INDIRECT METHOD FOR THE MEASUREMENT OF THE FIELD PARAMETERS 
IN THE STATIONARY SUSPENSION
The principle of the method relies on the measurement of the 
amplitude, at a given point in the field, with the stirrer on and 
subsequently, by way of the determined relationship between the 
measured quantities in the stationary and stirred media, to 'correct* 
this measurement to the desired true mean amplitude in the stationary
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medium. The advantage of such a technique lies in the fact that since 
the fluctuations about the mean are lower with the stirrers on than 
with the stirrers off (see previous section) the mean amplitude can be 
determined more rapidly and precisely in the stirred than in the 
stationary medium. The relationship between the various amplitude 
parameters measured in the stationary and stirred media have been found 
to be the following:
(i) the degree of fluctuation in the true amplitude, A P fc , about 
the mean value, , in the stationary medium, at a given frequency, is 
proportional only to and independent of distance, z, from the 
transducer, i.e.
APt oc Pt
(ii) the degree of fluctuation in the apparent amplitude, AP ,b
about the mean value, P , in the same medium with the stirrer on, is
b
likewise proportional to P and independent of z, i.e.
b
A P  cc P„ s s
(iii) the mean amplitude, observed with the stirrer on, is 
proportional to the mean amplitude in the stationary medium, i.e.
As an illustration of the proposed technique consider, for example, 
the results shown in fig 9.3.9(c). The pressure amplitude, Pfc, in the 
stationary medium can be expressed, at a particular frequency, as
where is the mean part of the amplitude and APt is the standard
deviation which can be used to quantify the degree of variation of the
acoustic pressure amplitude.
Similarly, with the stirrer on, the measured pressure amplitude,
P_, can be expressed as s
Ps = ps + * PS (9-4)
where P and AP_ are the mean amplitude and standard deviation s s
respectively.
If an amplitude measurement, P* , is subsequently made with the
b
stirrer on in a different position in the field and this value is 
either the mean of a large number of measurements at that position or 
an estimated mean, such that
then the amplitude in the absence of the stirrer, P'^,can be expressed 
as
p; = p-t + AP-t
where the mean amplitude, P 1^ , can be expressed using the result (iii) 
above as
similarly, the standard deviation, AP'^., can be expressed using the 
results (i), (ii) and (iii) above as
Pt
AP't = —  x AP'S (9.6)
Ps
N.B. in order to avoid confusion the same symbolism will be adopted in 
the rest of this chapter, namely, the unprimed values will refer to the 
data in fig. 9.3.9 while the primed quantities will refer to any 
position in the field.
9.4 THE FREQUENCY DEPENDENCE OF THE EXCESS ATTENUATION COEFFICIENT IN 
THE 1% SCATTERING MEDIUM
In order to verify the existence of the apparent peak in the 
attenuation coefficient discovered in section 9.3.1, it was necessary 
to undertake a large number of measurements at an extensive number of 
discrete frequencies in the range of 1 - 2.5MHz. Based on the premise 
that, for measurements in the stationary medium, the cut-off on the 
ordinate axis of the In P2 /P^ vs z graph (see section 9.3.1) was 
found to be zero equation 9.1 could then be rewritten as
1
(P2 - Pi) ~ —  In
p2(z)
M z )
(9.7)
z
and the excess attenuation could then be calculated using only two 
measurements of pressure amplitude, one in castor oil alone and the 
other at the same distance, z, from the transducer in the scattering 
suspension. In practice, however, it was considered necessary to 
perform these measurements at two different distances, at least, to 
provide a self consistency check. The experimental work based on this 
idea will be described in section 9.4.1.
At the time these measurements were being taken, a colleague 
Dr L.W. Anson, was engaged in a theoretical study of the propagation of 
ultrasound through scattering media and agreed to extend his 
calculations to the present work. It should be noted that no reports 
of experimental measurements on liquid - solid suspensions in the 
relevant frequency range could be located in the literature. The 
theoretical approach used to model the suspension was based on the 
multiple scattering treatment of Waterman and Truell, (1961), and will 
be described briefly in section 9.4.2 followed by a comparison between 
theory and experiment in section 9.4.3.
9.4.1 EXPERIMENTAL METHOD
In order to obtain meaningful results, the measurements in the 
castor oil and in the matrix had to be taken so that the variations in 
temperature were kept to a minimum. Since no temperature control had 
been incorporated into the experimental system, it was decided to take 
a limited number of measurements in as short a time as possible. These 
particular measurements had to be taken manually as there was no 
facility for changing the frequency of excitation using the 
microprocessor system. Hie hydrophone was positioned 5cm away from the 
transducer origin on the acoustic axis. The transducer was excited 
with tonebursts of width 20^ is and the frequency varied from 1 - 2.5MHz 
in steps of 0.05MHz.
Hie spheres in the suspension were given several days to settle 
down to the bottom of the tank so that the first measurements were made 
in the pure castor oil. At each discrete frequency, the peak-to-peak 
amplitude of the steady state part of the hydrophone signal was 
recorded by eye from the screen of the oscilloscope. The hydrophone 
was then moved 1cm away from the transducer and a similar set of
measurements was taken. The distances of 5 and 6cm were chosen for the 
measurements as there was a good signal-to-noise ratio at these 
positions as well as being in the far field at all the frequencies of 
interest. The stirrers were then switched on to disperse the 
polystyrene spheres. It was not possible to measure the average 
amplitude by eye as the fluctuations in signal were too rapid but it 
was possible to estimate the maximum peak-to-peak value, P 1^ .  a  set 
of these measurements was subsequently taken at 5 and 6cm as before.
The excess attenuation coefficient due to the presence of the 
polystyrene beads, (p2 - p-^ ) r was calculated at each of the two 
positions according to equation (9.7) and the results are shown in
fig.9.4.1. It can be seen that although there is considerable scatter
at higher frequencies, a clear resonance peak is visible. The error 
bars are due to the uncertainties in the readings taken from the
oscilloscope.
Since the maximum amplitude, was used in the calculation, the
excess attenuation coefficient had been underestimated and so it was 
necessary to correct the values of P 1^  to the true mean values, P't . 
It has already been shown, in section 9.3.2, that the degree of 
amplitude fluctuation about the mean was proportional to the mean so 
that the desired correction could be obtained using the data of 
fig. 9.3.7, viz:
where and Pt were the maximum and mean amplitudes from
fig. 9.3.9. Substituting into equation 9.7, the corrected attenuation 
coefficient could be expressed as
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FIG 9 .4 .1  FREQUENCY DEPENDENCE OF THE UNCORRECTED
EXCESS ATTENUATION COEFFICIENT IN 1% SUSPENSION.
where the first term corresponds to the data plotted in fig. 9.4.1.
The second term or correction factor was calculated using the data 
of fig. 9.3.9 at the discrete frequencies of 1.0, 1.25, 2.5, 1.75, 2.0, 
2.25 and 2.5MHz for distances of 5 and 6cm and this is shown in 
fig. 9.4.2. A smooth line was drawn between the discrete points and 
these values were used to correct the data in fig. 9.4.1. The error 
bars were due to the uncertainty in the determination of the values of 
Pt and from fig. 9.3.9. The corrected excess attenuation 
coefficient is shown plotted against frequency in fig. 9.4.3.
It can be seen that the data obtained at both positions of 5 
and 6cm shown respectively by circles and crosses, are consistent up to 
about 2.0MHz above which frequency there is considerable scatter. This 
is obviously due to the increasingly rapid fluctuations at higher 
frequencies.
9.4.2 THEORETICAL CONSIDERATIONS
The subject of multiple scattering analysis is extremely vast and 
it is beyond the scope of this work to all but skim over the surface of 
it. As already mentioned, the theoretical calculations used to model 
the experimental system were performed by Dr L.W. Anson who chose the 
multiple scattering theory of Waterman and Truell, (1961), as being 
particularly suitable for the present set up and which will now be 
briefly outlined.
Consider a medium with N Scatterers per unit volume. The response
1.U
of the j scatterer which may be obtained from the total field at j, 
consists of a sum of the incident wave and waves scattered from all
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other scatterers in the medium, neglecting waves scattered by j which 
are then scattered back again. Hiis can be described on average by a 
complex propagation constant ( ?  = w/c + ip where w is the frequency, c 
the resultant wave velocity and p the attenuation. It is assumed that 
the distribution of scatterers is statistically independent. Waterman 
and Truell then find for low concentrations of spherical scatterers
Q  \2 47TN
JL. = i + — —  x f (0) + __ (9.13)
k  j k z
where k is the wavenumber in the matrix and f (0) is the far field 
forward scattered amplitude. f(0) is a complex function depending on 
the size of scatterer, the frequency of the incident wave and various 
acoustical and physical parameters of the scatterer and the matrix 
material including density, longitudinal and shear velocities and 
attenuation coefficient. If a distribution of particle sizes is 
present then a weighted average value of f (0) has to be used.
Hie attenuation p of the scattering medium is then obtained as a 
function of frequency as the imaginary part of (3 .
9.4.3 COMPARISON BETWEEN EXPERIMENT AND THEORY
The main problem encountered in attempting a comparison between the 
experimental results described in the previous section and the 
theoretical model was uncertainty about the acoustic properties of the 
polystyrene beads. Since it was not readily possible to measure the 
required parameters such as density, velocity and attenuation, it was 
necessary to turn to the available literature. Hiis was very confusing 
as there was some variation among the quoted values for polystyrene.
Values of longitudinal velocity varied between 1600 (Nakamura, 
1963) and 2500m s 1  (Brady et al, 1975), those for shear velocity
between 800 (Kono et alf 1976) and 1160ms''*’ (Hartmann et alf 1974),
3
while density varied between 1.03 x 10 (Hung et al, 1983) and 
1.1 x 10 kg m  (Kaye &  Laby,1973). Values for longitudinal and shear
i
attenuation were even more uncertain. Longitudinal attenuation was 
quoted in the range between 2.8 (Victorev, 1964) and 20 nepers nT^ 
(Hung et al, 1983) at 1MHz. Only one value could be found for the 
shear attenuation, namely, 15 nepers m~^ at 1MHz (Victorev, 1964).
Reasonable values were thought to be 2300m for longitudinal
—1 3 —3
velocity, 1000ms for shear velocity and 1.04 x 10 kg m for
density. Hie longitudinal attenuation was taken to be 10 nepers nT^
and the shear attenuation as 15 nepers nT^ at 1MHz and a linear
frequency dependence was assumed. Hie value for the attenuation
coefficient of castor oil, p , was taken from fig. 8.1.1(b) as
10 nepers m”^ at 19^C at 1MHz. Hie frequency dependence was such that
p  oc f ^  (after Dunn et al,(1969)). Hie density of castor oil was
3 —3
taken to be 0.96 x 10 kg m as quoted by the manufacturer and the 
velocity was taken as 1 4 9 8 m f r o m  fig.8.1.1 (a). Hie particle size 
distribution used was the one in fig. 9.2.2. Hie zero counts in the 
histogram may have been an artefact produced by the window size used by 
the Quantimet. Although it was possible to smooth out the 
distribution, it was decided to perform the calculations with the raw 
data as shown.
Hie theoretical curve has been superimposed on the experimental 
data in fig. 9.4.3. It can be said that, in general, the agreement is 
good especially in the region of 1 - 1.7MHz. Hie main resonance peak 
is in the correct position but it is about 6 nepers m“^ higher than the 
experimental value. Although there is considerable scatter among the 
experimental data points for frequencies greater than 2.0MHz, a clear 
dip is visible which is also exhibited by the theoretical curve.
Better agreement may have been obtained if the acoustical 
parameters of the polystyrene were known with greater certainty. It is 
also likely that the beads were not perfectly spherical and it was not 
possible to estimate what effect this would have on the calculation of 
attenuation coefficient. It should be mentioned that the measurements 
in castor oil and in the scattering medium were not made at exactly the 
same temperature. The castor oil measurements were taken over a 
temperature range of 19.0 - 19.3PC. The variation in temperature 
during the scattering measurements was greater due to the fact that the 
stirrers themselves were heating up the mixture by conduction from the 
motors which were getting hot. The measurements at 5cm were taken in 
the range of 20.8 -21.2°C and those at 6cm in the range of
21.2 - 21.6°C. It was unclear how this difference in temperature had 
affected the results.
9.4.4 EXPERIMENTS IN 2% MIXTURE
An extra 16 8g of polystyrene beads were added to the 1% solution to 
increase the concentration to 2% by volume which was clearly an 
irreversible process. It was intended to make similar measurements as 
described for the 1% suspension. Instead of starting with the field 
distributions as before it was decided to do the frequency sweep first, 
as the apparatus was already set up for that purpose. Unfortunately, 
only one complete set of data was obtained at 5cm since after taking 
measurements in the scattering medium, one of the stirrers worked its 
way loose and cut through the bottom of the tank. It was consequently 
decided to finish the experiments at this point as it would have taken 
several weeks to set up the system from scratch. The degree of 
incoherence, or standard deviation, about the mean amplitude was not 
known. In taking the readings, however, it did not seem subjectively
that the degree of scatter had significantly changed from the 1% case. 
It was assumed that the same correction factors could be employed as 
for the 1% case previously described. Hie results were 1 corrected* and 
are shown in fig. 9.4.4, together with the calculated theoretical 
curve. Hie error bars are the sum of the uncertainties in measurement 
and in the correction factors taken from fig. 9.4.2.
Once again, the fit is seen to be generally good. Hie theoretical 
resonance peak is higher than the experimental value by 20 Nepers m"'*’. 
It should be noted that both the experimental and theoretical peaks are 
approximately twice as high for the 2% than for the 1% suspensions. 
Hie excess attenuation coefficient appears to be higher in the 
experimental case, at low frequencies, than predicted by the theory and 
there also seems to be a secondary resonance peak at 1.35MHz. Whether 
or not this is an artefact is difficult to say as the experiment was 
not repeated. (It is interesting to note that the degree of scatter of 
experimental data points is considerably less than in the 1% case.)
9.5 DEFOCUSSING
One of the primary objectives of the work in this thesis was to 
determine whether there would be any significant defocussing of the 
ultrasonic beam as a result of the presence of scatterers in a medium. 
Hie criterion used by Foster and Hunt, (1979), as a measure of 
defocussing was the Full Width Half Maximum (FWHM) of the central lobe, 
in the far field. It has since been shown (in section 7.8) that the 
first off-axis minima in the far field lie on the surface of a cone 
centred on the transducer. Another useful criterion for the spreading 
of the ultrasonic beam is therefore the half angle of this cone, which 
also defines the effective aperture of the transducer as described in 
section 7.8, using the analytical solution for the amplitude at the
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geometrical centre of curvature, equation 3.2.
At the time the axial amplitude distributions, described in 
section 9.3, were measured, two sets of lateral distributions were also 
obtained, at each frequency, in the 1% suspension with the stirrers on. 
The scans were performed at the centre of curvature (100mm) and at the 
position of the true focus in the pure castor oil. The results are 
shown in fig. 9.5.1 superimposed on the corresponding distributions 
obtained in castor oil. The distributions have been normalised 
arbitrarily in each line for visual convenience.
As the measurements were taken with the stirrers on the mean 
amplitude taken as a smooth line through the data points would not on 
an absolute basis represent the true mean amplitude in the stationary 
suspension as discussed in section 9.3.2. It was shown in 
section 9.3.1 that the mean amplitudes measured in the stationary and 
stirred media were proportional to each other. Since the data in 
fig. 9.5.1 has not been presented in absolute form the relative mean 
amplitude is the same as that for the stationary suspension. The 
relative degree of fluctuation about the mean is lower than the true 
value since the fractional variation about the mean was found to be 
lower in the stationary than in the stirred medium (see fig. 9.3.9) but 
this could be corrected in the way described in section 9.3.4.
As far as defocussing is concerned, however, the important feature 
to consider in fig. 9.5.1 is the relative mean amplitude as represented 
by the stars. It can be seen that chief features of the lateral 
distrbutions are similar in castor oil whether the scatters are present 
or not. In particular that the first off-axis minima coincide in both 
media for the scans at 10cm and a good agreement exists in the main 
lobes both at 10cm and in the focal region. It can be concluded then 
that no beam spreading or defocussing was detected as a result of the
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FIG 9.5.1(a) Lateral amplitude distributions in castor oil and in the 1% suspension, with the 
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introduction of the polystyrene scatterers at any frequency in the 
range 1 - 2.5MHz.
9.6 CONCLUSION
The main objectives of what ultimately became the final part of the 
work were to obtain experimental verification of the propagation theory 
of Waterman and Truell and to determine whether the introduction of the 
polystyrene beads would introduce beam spreading or defocussing.
Although the work was prematurely terminated (see Section 10.3), 
the two sets of experimental data for the excess attenuation 
coefficient in the suspensions having concentrations of 1% and 2% were 
in reasonable agreement with the theory. Exact agreement was unlikely 
given the uncertainties associated with the acoustic parameters and 
size distribution of the polystyrene beads. Hie parameters entered 
into the computations could have been arbitrarily modified within the 
ranges of values quoted in the literature until the closest fit was 
obtained but this would have been a very artificial approach. Hie 
results must be considered as preliminary with a great deal of scope 
for improvement.
A similar procedure for the measurement of amplitude, based on a 
microprocessor controlled digitising system, would decrease the 
subjective errors incurred in taking measurements by eye. TSie need for 
temperature control is obvious and it would be preferable to use 
scatterers, perhaps specially prepared, whose acoustic parameters would 
either be well known or measured experimentally beforehand.
Although the results of the defocussing study appear to contradict 
the results of Foster & Hunt, (1979) it should be noted that the 
experimental conditions for their study were different to that of the 
present author. Hie main difference was that Foster & Hunt used a
broad-band transducer under pulsed excitation, as described in 
section 2.7., whereas the present work was carried out under
narrow-band conditions. Since the measurements were done under *worst 
case* conditions, namely that the average size distribution of the 
beads was chosen sq that the scattering effect would be strongest in 
the available frequency range, and that under these conditions no
defocussing effect could be detected, this implies that it is unlikely
\
that any such effects would occur in tissue which is generally
considered to have much lower refractive index variations.
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10.1 PURSUIT OF THE INITIAL PROBLEM
The problem identified in Chapter 1 was a careful assessment of the 
mechanisms involved with the defocussing of ultrasound by inhomogeneous 
materials such as human tissue. The need to relate the experimental 
results to theoretical predictions suggested the introduction of 
effective parameters for the geometry of the transducers - as had 
successfully been used for planar transducers.
Hie successful pilot study on the definition of these effective 
parameters, (Chapter 3), proved difficult to reproduce with a second 
transmitter, with the result that a number of aspects of the 
experimental approach showed themselves worthy of careful scrutiny. 
These included the effect of the finite size of the hydrophone in 
defining the field patterns, the need for hydrophones blessed with 
longevity and the exclusion of the presence of non-linear effects in 
transmitter, hydrophone and propagation medium.
Armed with a significant corpus of experience, not all of which was 
productive, it proved possible to make field measurements in a 
sufficiently controlled way as to permit the proposal of a relatively 
general procedure for the definition of effective parameters.
Once this had been achieved, the extension of the theoretical and 
experimental work to absorbing and absorbing and scattering media 
proceeded with reasonable expedition, although some attention had to be
paid to the details of the experimental measurement techniques. To the 
extent that this was all achieved and a reliable strategy for the 
investigation of tissue has been defined, the absence of measurements 
on tissue, due to a shortage of time, is seen as a relatively small 
deficiency. This is reinforced by the implications of the results 
which were obtained in model systems, as discussed below, in the which 
future work could proceed.
10.2 THE CONTRIBUTIONS OF THIS THESIS
The review of a sizeable but highly disparate collection of the 
available literature concerned with the theoretical and experimental 
work on spherically focussed transducers at low amplitudes in 
homogeneous and inhomogeneous media appears to be the first that has 
been attempted. It was the surprising lack of literature dealing 
specifically with experimental work on focussed probes under c.w. 
conditions and as a consequence the absence of any comprehensive 
attempt at validation of the piston model that prompted the initial 
experimental work in water.
Whereas there was a relatively simple closed form theoretical 
solution for the complex pressure amplitude distribution on-axis, the 
general solution required the evaluation of a double integral. It is 
likely that it was due to computational difficulties, associated with 
numerical integration, that detailed calculations of the pressure field 
off-axis had not been previously reported. Hie present author 
performed such calculations using a computer and compared the results 
of axial and lateral presure amplitude and phase distributions as seen 
by a point receiver and an ideal 1mm hydrophone, by including an 
approximate receiver model.
Measurements of axial and lateral amplitude distributions were
found to be in poor agreement with the theory. A reliable procedure 
was developed for the determination of effective geometrical transducer 
parameters which when substituted for the nominal values in the theory 
provided a greatly improved fit over a large portion of the field. 
This improved fit was found to exist for amplitude distributions 
on-axis and for both amplitude and phase distributions off-axis. Hie 
phase measurements reported were believed to be among the first for 
this type of transducer in this frequency range.
Hie effect of using different hydrophones on field measurements was 
studied and the implications for the determination of effective 
parameters discussed.
A  new procedure was developed for the determination of the velocity 
amplitude on the surface of the focussed transducer, assumed to be 
acting as an ideal piston, which complemented the effective parameters 
in providing a complete description of the field at a particular 
frequency.
Hie experiments in the water were extended to castor oil which led 
to the development of a novel technique for the measurement of the 
attenuation coefficient. It was discovered that the effective 
parameters determined previously from measurements in water could be 
used together with the measured attenuation coefficient to give 
comparable agreement with experimental data in castor oil.
In the final part of the thesis, polystyrene beads were introduced 
into the castor oil to make up a suspension. An original technique was 
developed for measurements in the suspension which involved obtaining 
data in the stirred medium and subsequently, by way of a determined 
relationship, correcting these results to the case of the stationary 
medium. This technique was used in conjunction with the method 
previously developed for the measurement of the attenuation coefficient
for the determination of coherent contribution to the attenuation 
coefficient in the suspension.
Hie frequency dependence of the coherent scattering coefficient was 
found to be in excellent agreement with the theory of Waterman and 
Truell, (1969). Hiese results are believed to be the very first on 
liquid-solid suspensions in the relevent frequency range.
In the final phase of the work, it was discovered that there was no 
significant beam speading or defocussing as a result of the 
introduction of the poly styrene beads into the suspension. Hiese 
results were complementary to those of Foster and Hunt although direct 
comparison is difficult as the latter authors used a technique based on 
broadband transducer excitation. Hie c.w. defocussing study is 
believed to be the first of its kind to date.
Some of the work of the thesis has been presented at conferences 
and published. Hie papers are listed in Appendix 1.
10.3 POTENTIAL FUTURE DEVELOPMENTS
Hie work presented in this thesis has been the most comprehensive 
account to date concerning the field characteristics of spherically 
focussed transducers working under c.w. excitation. Hie concept of 
effective geometrical parameters which has been widely accepted in the 
context of plane disk transducers has been successfully extended to 
spherically focussed transducers. A reliable protocol has been been 
developed which will, under most circumstances allow effective 
parameters to be defined. Hie protocol which has been described in 
section 7.9 is the result of successive refinement, as can be seen from 
Chapters 3 - 7 ,  and it is the author's opinion that further refinement 
is unnecessary. Hie suggestions for future work fall under two main 
headings concerned with scientific development and the modifications to
and development of instrumentation and experimental techniques.
10.3.1 SCIENTIFIC DEVELOPMENT
The work on the polystyrene bead/castor oil suspension described in 
Chapter 9 must be considered as a preliminary investigation as it was 
largely concerned with the determination of an optimum method for the 
performance of measurements. Hiere were two main problems which were 
related to the choice and sizing of the polystyrene beads and the 
maintenance of a uniform suspension. The choice of the beads was 
limited by commercial availability and as the various acoustic 
parameters needed for theoretical calculations could not be measured 
directly they had to be chosen arbitrarily from a considerable range in 
the literature. Clearly it would have been more satisfactory if the 
degree of agreement obtained with the theory had been based on known 
rather than assumed parameters. Unfortunately, it seems likely that to 
obtain beads with known properties would require special preparation 
whose cost would be prohibitive.
The range of frequencies over which measurements were made was 
primarily limited to the transduver bandwidth. It would be interesting 
to extend the measurements, using another transducer beyond the top 
frequency of 2.5MHz to investigate the presence of other peaks (see 
figs 9.4.1.- 3) in the excess attenuation coefficient.
By performing similar experiments on suspensions with a greater 
range of concentration, it would be possible to determine the 
concentration range at and above which the multiple scattering terms of 
the theory of Waterman and Truell make a significant contribution. The 
logical extension to measurements in a prepared suspension would be to 
biological tissue.
Hie results of the defocussing study in section 9.5 agree with the
results of Foster and Hunt when the latter authors used a narrow 
receiver bandpass (see section 2.7) in their experiments on brain 
tissue. Foster and Hunt discovered, however, that under the same 
conditions the ultrasonic beam had been greatly distorted after passing 
through breast tissue. This distortion had been so great that the 
width of the focal region could not be defined. They concluded that 
this was due to "refractive index variations and scattering effects in 
the (breast) tissue" which "deflected the ultrasound beam off-axis at 
the focal zone".
The present author has shown that in a medium containing refractive 
index variations of 35%, the coherent part of the ultrasonic field was 
not broadened or defocussed whereas amplitude fluctuations about the 
mean wavefronts were found to be considerable. It is almost certain 
then, that the defocussing effects observed by Foster and Hunt, under 
the "narrow bandpass" regime, were entirely due to the incoherent part 
of the scattering. Based on this premise, it appears that any future 
work on defocussing should concentrate on the quantification of the 
incoherent scattering contribution.
The experiments of Foster and Hunt were performed by placing a 
tissue sample on the path between the transmitter and receiver which 
were in a water bath. A more direct method whereby the path between 
the transmitter and receiver is taken up entirely by the material under 
test, as in the present author's experiments on suspensions, is 
suggested for work on tissue although the technical problems are likely 
to be not inconsiderable.
Clinical transducers for diagnostic imaging systems are often 
tested in water although it is generally a<^pted that the beam profiles 
obtained do not represent the actual field distribution in tissue. If 
the coherent scattering coefficient in a particular tissue can be
measured and a quantification of the degree of variation about the mean 
amplitude obtained (as described in section 9.3), then the field 
pattern in the tissue can be predicted with greater certainty using the 
theory based on effective parameters defined from the field 
measurements in water.
There has recently been considerable attention devoted to the 
non-linear distortion of ultrasonic pulses. Since high amplitude 
pulses are invariably produced using focussed systems, and in many 
cases using spherically focussed transducers, this problem is 
particularly relevent and raises the question of propagation of finite 
amplitude waves in inhomogeneous media, including tissue. It is 
probable that some similar approach using effective parameters would be 
of value in harmonizing theoretical calculations with experimental 
measurements that have to include the interacting aspects of 
diffraction and inhomogeneity.
10.3.2 INSTRUMENTATION AND EXPERIMENTAL TECHNIQUES
Hie repetition of the measurments of Chapter 9 calls for several 
improvements to the experimental system. Whereas the technique used 
here, namely taking measurements in the stirred suspension and 
correcting the results to the case of the stationary medium, is 
considered to be quite satisfactory, a more direct method could be 
attempted. The main factor prohibiting such a method with the present 
system was the relatively slow response time of the Boxcar digitizing 
system. A fast ADC in conjunction with the appropriate signal 
processing would overome the problem and allow more measurements to be 
taken ensuring greater statistical reliability.
Hie measurements taken in this thesis were taken without any form 
of temperature control system. Hiis was considered unimportant as long
as the precise temperature at which measurements were taken was known. 
Unfortunately, if measurements which have been taken at considerable 
lengths of time apart have to be compared then it is only a fortuitous 
combination of atmospheric conditions that can ensure the same ambient 
temperature. A temperature control system would obviate the need for 
corrections to velocity or attenuation coefficient.
Hie measurements in tissue suggested in the previous section would 
reguire a mechanical system for the accurate insertion of a hydrophone 
into tissue. A possible technique would be to use a hyperdermic needle 
around the hydrophone to facilitate entry into the specimen which would 
subsequently be withdrawn exposing the active tip of the probe. Hie 
very nature of the particular tissue under investigation, however,would 
ultimately dictate a practical mechanism for this process.
Although the work presented in this thesis has considerable 
implications in biomedical ultrasonics there are other areas of 
potential application including sedimentology, biotechnology and 
non-destructive testing.
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